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Cytokinesis is the concluding step in the process of cell duplication and 
production of two free daughter cells. Coordination between multiple cellular 
processes ensures the success of cytokinesis. The fission yeast, 
Schizosaccharomyces pombe, like higher eukaryotes, undergoes cytokinesis 
utilizing a contractile actomyosin ring. As in other fungal cells, contraction of 
the actomyosin ring is coupled to division septum deposition. For the viability 
of the cells, it is essential that the process of actomyosin ring constriction and 
septum deposition are tightly coordinated and regulated. 
In this study, I identify two previously uncharacterized S. pombe genes, smi1 
and sbg1 as suppressors of a temperature sensitive mutant (cps1-191) 
defective in division septum synthesis. Given that both these genes are 
essential for cell viability, it is evident that both these proteins play a pivotal 
role in cytokinesis. The overproduction of both Smi1p or Sbg1p support 
growth of the temperature sensitive mutant of Bgs1p, an enzyme responsible 
for primary septum synthesis. As discussed in Chapter 3, the overproduction 
of Smi1p or Sbg1p not only supports cell viability but also improves cell wall 
composition and ultrastructure, improves actomyosin ring constriction 
dynamics and promotes septum synthesis in the mutant background. In 
addition, the cps1-191 mutant cells are now capable of recruitment of the gene 
product of this mutant to the cell division site upon overproduction of Smi1p 
or Sbg1p. It is likely that the restoration of cellular localization of Cps1-191p 
is a key mechanism by which the rescued cells are now able to synthesize a 
division septum. 
 x 
In Chapter 4, I characterize the Sbg1p protein and identify it as an essential 
integral membrane protein that physically interacts with Bgs1p and also 
localizes in a manner similar to Bgs1p. I also identify that Sbg1p and Bgs1p 
are mutually dependent for their correct localization to the division site. 
Presence of defective actomyosin rings in mutants of Sbg1p (temperature 
sensitive and null mutant) suggested that Sbg1p could function as a potential 
membrane bound link between the actomyosin ring and the Bgs1p-dependent 
septum synthesis machinery. Further support for such a hypothesis was 
obtained through identification of interactions of Sbg1p with other actomyosin 
ring proteins. 
Finally in Chapter 5, I provide a brief characterization of the Knr4 family 
protein, Smi1p, a highly conserved fungal protein. I observe Smi1p to localize 
to punctate structures, some of which also colocalize with punctate Bgs1p 
structures. Smi1p, an essential protein, also requires functional Bgs1p for its 
correct localization to the division site.   
Collectively, my work identified two new proteins that play an essential part 
in division septum synthesis and coordination with the actomyosin ring 
constriction. This study furthers our understanding of the complex process of 
cytokinesis in fission yeast. 
 xi 
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Chapter 1 Introduction 
1.1 Fission yeast as a model organism and its cell cycle 
Schizosaccharomyces pombe is a rod-shaped fungus that grows by elongation at the 
tips and divides symmetrically by medial fission (Chang and Nurse 1996). Wild type 
cells typically attain a cell length of 12 to 15 μm while maintaining a constant 
diameter of 3 to 4 μm (Mitchison and Nurse 1985). Fission yeast serves as an 
amenable model organism due to the various advantages it provides - easy genetic 
manipulation and availability of tools for such manipulations, low redundancy in a 
small, fully-sequenced and annotated genome along with the power for excellent 
imaging analysis make it to the top of the list (Forsburg and Rhind 2006; Moreno, 
Klar, and Nurse 1991; Wood et al. 2002). 
Fission yeast serves as an excellent model to study morphogenesis, displaying a 
number of transitions in its morphology over its life cycle (Illustration 1) (Davì and 
Minc 2015). Immediately after cell division, growth in the new daughter cell resumes 
at the old cell pole. Later, growth also begins at the new end - the phenomenon being 
called New End Take Off (NETO) (Martin and Chang 2005). After duplication and 
segregation of the nuclear material, the cell is ready to undergo cytokinesis. In fission 
yeast, the elaborate process of cytokinesis is brought about by the intricate interplay 
between an actomyosin based contractile apparatus and concomitant deposition of the 
division septum (Sipiczki 2007; Wolfe and Gould 2005). This division septum is later 
hydrolysed to generate two daughter cells (Martín-García and Santos 2016). 
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Illustration 1: S. pombe cell cycle.  
S. pombe grows by elongation at the cell tips. The interphase nucleus determines the 
future division site. At metaphase, cortical cytokinetic nodes are assembled, which 
serve as the template for the actomyosin ring. Cytokinesis is brought about by 
constriction of the actomyosin ring that is tightly coupled to division septum synthesis. 
Upon completion of septum synthesis, it is resolved giving rise to two daughter cells 
and the cycle is then repeated. 
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This study focuses specifically on the events involved in the formation of the division 
septum, identifying two molecules in this process. We also study interaction of one of 
these new proteins (Sbg1p) with known cytokinetic proteins involved in septum 
synthesis and cytokinesis. 
1.2 Cytokinesis in fission yeast 
For successful cell division, cells must undergo cytokinesis to produce two new 
daughter cells, each of which would contain equal genetic material and cytosolic 
content. In S. pombe, the process of cytokinesis involves the following steps in order: 
selection of division site, assembly and constriction of the actomyosin ring, division 
septum synthesis and finally cell separation. Cytokinesis is in temporal and spatial 
coordination with mitosis to ensure genomic stability. The general steps of 
cytokinesis are largely conserved across various species and studies from fission yeast 
have provided further insights into this important step in the cell cycle. 
1.3 Division site selection  
In S. pombe cells, the site of division is defined during interphase itself (Rincon and 
Paoletti 2016; Alaina H Willet, McDonald, and Gould 2015). The division site is 
selected by integration of spatial and temporal cues, ensuring that the cells divide in 
the middle, perpendicular to the cell long axis, allowing for equal partitioning of 
chromosomes and cytosolic constituents between the two daughter cells. Timing of 
cytokinesis and its coordination with nuclear division is regulated by the cell cycle 
machinery and the septation initiation network, SIN (Goyal et al. 2011). 
In interphase, the cell accumulates medial cortical Type I nodes, which includes the 
mitosis promoting kinases Cdr1p and Cdr2p (Akamatsu et al. 2014). Progression of 
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cell cycle into G2 phase results in a fusion of Type I and Type II nodes (include 
Gef2p, Blt1p, Klp8p and Nod1p). Further, a Pom1p gradient emanating from the cell 
tips, inhibits assembly of the precursor nodes at cell tips (Celton-Morizur et al. 2006; 
Padte et al. 2006). The tip inhibition activity is a consequence of phosphorylation of 
Cdr2p by Pom1p, as phosphorylated Cdr2p has reduced affinity for the plasma 
membrane and weakens interactions of Cdr2p with the anillin protein, Mid1p, a 
protein crucial for defining the division site (Rincon et al. 2014).  
The selection of the division site is further reinforced by the position of the pre-
mitotic nucleus (Chang and Nurse 1996). The pre-mitotic nucleus is retained at the 
cell middle by the action of antiparallel microtubules, during which Mid1p localizes 
to the nucleus (Tran et al. 2001). Later in the G2 phase of the cell cycle, the nuclear 
position is translated into spatial cues by Plo1p-dependent export of Mid1p from the 
nucleus (Almonacid et al. 2011; Bahler et al. 1998). This nucleus exported pool of 
Mid1p joins the precursor nodes already present at the medial cortex and functions to 
recruit other components of the ring (Sohrmann et al. 1996). In a mid1Δ background, 
cells are still capable of actomyosin ring assembly in a SIN-dependent manner 
(Hachet and Simanis 2008; Huang, Yan, and Balasubramanian 2008; Simanis 2015). 
However, the SIN-dependent actomyosin rings are only assembled later in anaphase, 
often positioned oblique and displaced from the cell centre. 
1.4 Assembly, maturation and constriction of the actomyosin ring 
Cytokinesis in S. pombe depends upon a contractile actomyosin ring. The first 
requirement for ring assembly is establishment of cytokinetic nodes (Laporte et al. 
2011). These cytokinetic nodes are derived from the fusion of Type1 and Type 2 
interphase cortical nodes which are joined by Mid1p from the nucleus concomitant 
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with Cdr1p and Cdr2p leaving the nodes (Akamatsu et al. 2014). Upon entry into 
mitosis, the IQGAP protein Rng2p is the first protein to be recruited to the mature 
nodes, followed by the myosin II light chain proteins Cdc4p and Rlc1p, and the 
myosin II heavy chain protein Myo2p (Eng et al. 1998; Le Goff et al. 2000; 
Kitayama, Sugimoto, and Yamamoto 1997; Laporte et al. 2011; McCollum et al. 
1995; Padmanabhan et al. 2011). Mid1p also directly recruits the F-BAR protein 
Cdc15p, which in turn recruits the formin Cdc12p (Chang, Drubin, and Nurse 1997; C 
Fankhauser et al. 1995; Alaina H. Willet et al. 2015). However, recent studies have 
unveiled that an ordered recruitment of ring proteins is not an essential requirement 
for contractile ring formation (Tao, Calvert, and Balasubramanian 2014). The next 
step in ring assembly is the condensation of the proteins at the nodes into a compact 
actomyosin ring (Vavylonis et al. 2008; Wu et al. 2006). The formin Cdc12p, 
phosphorylated by SIN, drives actin nucleation, which provides the F-actin network at 
the ring. There exist two models for contractile ring assembly. One is the “Search, 
capture, pull and release” (SCPR) model, wherein it is proposed that actin filaments 
being nucleated at each Cdc12p node is captured by Myo2p from a neighbouring node 
(Vavylonis et al. 2008). Myo2p, by its processive activity can move along the actin 
filament towards the filament anchoring node, while pulling the nodes closer. Such 
repeated action of Myo2p along the whole medial cortex results in formation of a 
compact contractile ring. The other model, spot or leading cable model, predicts that 
at the onset of mitosis there exists one spot of the formin Cdc12p at the division site 
which nucleates one or two actin cables that cover the entire circumference of the cell, 
thus assembling the contractile ring (Chang et al. 1997; Mishra and Oliferenko 2008). 
However, existing data supports the SCPR model of ring formation (Laporte, Zhao, 
and Wu 2010), so long as Mid1p is expressed in the cell. Once the ring has been 
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assembled, it undergoes maturation during which other ring proteins, such as the actin 
cross-linking protein, Ain1p and unconventional myosin type II, Myp2p, among 
others, are added to the actomyosin ring (Bezanilla, Forsburg, and Pollard 1997; 
Laporte et al. 2012; Motegi et al. 1997; Wu, Bähler, and Pringle 2001). The mature 
actomyosin ring now constricts with concomitant septum deposition and partitions the 
cell into two.  
1.5 Septation initiation Network 
A conserved signaling pathway, the septation initiation network (SIN), regulates all 
downstream processes involved in cytokinesis - including actomyosin ring 
maturation, ring constriction and division septum synthesis (Simanis 2015). Timely 
activation of SIN is of utmost importance. Ectopic SIN signaling induces premature 
ring assembly and septum deposition at any cell cycle stage (Ohkura, Hagan, and 
Glover 1995; Schmidt et al. 1997). On the other hand, the inability to turn off the 
signaling pathway results in multiseptated cells as seen upon overexpression of the 
SIN components, plo1, spg1, or cdc7 (Fankhauser and Simanis 1994; Ohkura et al. 
1995; Schmidt et al. 1997). Also, cells deficient in SIN signaling fail to undergo 
cytokinesis and display a phenotype of multinucleate cells. In these cells, the 
actomyosin ring still assembles in a Mid1p-dependent manner but collapses later in 
anaphase, as the maintenance of the ring into anaphase requires intact SIN signaling. 
The mitotic exit network (MEN) in S. cerevisiae and the HIPPO pathway in 
mammalian cells are equivalents of SIN pathway (Gomez, Gomez, and Hergovich 
2014; Hotz and Barral 2014).  
SIN signaling initiates at the cytoplasmic side of the spindle pole body, SPB where 
Sid4p and Cdc11p function as a scaffold for the localization of other SIN components 
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at the SPB (Chang and Gould 2000; Krapp et al. 2001; Krapp, Cano, and Simanis 
2004; Tomlin, Morrell, and Gould 2002). The SIN also consists of a small GTPase, 
Spg1p which functions as an inducer of septation (Schmidt et al. 1997). Spg1p is kept 
in its inactive state by the two component GTPase-activating proteins, Cdc16p and 
Byr4p (Furge et al. 1998, 1999). These three proteins, Spg1p, Cdc16p and Byr4p, 
localize to the SPB at interphase, preventing premature septation. On the other hand, 
during mitosis, three protein kinases, Cdc7p, Sid1p and Sid2p along with their 
regulators, Spg1p (GTP bound, active state), Cdc14p and Mob1p respectively, 
localize to the SPB (Fankhauser and Simanis 1994; Guertin et al. 2000; Johnson, 
McCollum, and Gould 2012; Krapp and Simanis 2008; Sohrmann et al. 1998). It is 
proposed that these three kinases act in the following order – (Cdc7p–Sid1p–
Cdc14p)–(Sid2p–Mob1p) (Guertin et al. 2000). Interestingly, some of the components 
of the SIN are seen to localize asymmetrically to the SPB, the asymmetry being 
essential for efficient regulation of cytokinesis (Johnson et al. 2012; Singh et al. 
2011).  
Given the importance of correct activation of SIN for successful cytokinesis, SIN 
itself is regulated by a number of proteins / protein complexes. Among these are 
phosphatases including Cdc14p-related protein phosphatase, Clp1p, the phosphatase 
complex PP2A, PP2B / calcineurin and also the PP2A-related SIP (SIN-inhibitory 
phosphatase) complex (Le Goff et al. 2001; Goyal and Simanis 2012; Jiang and 
Hallberg 2001; Lahoz et al. 2010; Singh et al. 2011; Trautmann et al. 2001). The SIN 
is also regulated at the cell cycle level by the cyclin-dependent kinase Cdc2p, which 
in its active state inhibits the onset of SIN in early mitosis (Chang et al. 2001; 
Dischinger et al. 2008; Guertin et al. 2000). 
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SIN is responsible for generating a compacted actomyosin ring in anaphase, and 
collaborates with Mid1p in this process (Hachet and Simanis 2008; Huang et al. 2008; 
Wu et al. 2003). Sid2p, the most downstream effector of SIN, has various substrates 
in the actomyosin ring e.g. formin Cdc12p which upon phosphorylation by Sid2p 
nucleates F-actin (Bohnert et al. 2013). SIN activity is also required for association of 
Cdc15p to the actomyosin ring, where it functions as a scaffold, recruiting other ring 
components (Hachet and Simanis 2008; Roberts-Galbraith et al. 2009). Other 
potential Sid2p targets at the actomyosin ring are yet to be identified. Sid2p could also 
possibly ensure commitment to mitosis through its activation of the NIMA kinase, 
Fin1p upon phosphorylation (Grallert et al. 2012). Fin1p is implicated in regulation of 
the G2/M transition but it remains to be seen if this is a SIN-dependent step (Grallert 
et al. 2012). 
1.6 Maintenance of actomyosin ring integrity 
Growing literature points towards the existence of a protein complex that anchors the 
actomyosin ring to the plasma membrane. Recent studies have unravelled the 
presence of Cdc15p, Pxl1p, Fic1p, Rga7p and Imp2p in this complex, with the 
possibility of even more proteins working together for this crucial step (Illustration 2) 
(Arasada and Pollard 2015; Cortés et al. 2015; Demeter and Sazer 1998; Christian 
Fankhauser et al. 1995; Ge and Balasubramanian 2008; Martín-García, Coll, and 
Pérez 2014; McDonald et al. 2016; Roberts-Galbraith et al. 2009). 
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Illustration 2: Anchoring of the actomyosin ring at the plasma membrane 
As the actomyosin ring is assembled, it is anchored by the F-BAR protein Cdc15p. 
As the ring matures, proteins such as F-BAR proteins, Imp2p and Rga7p, and LIM-
domain protein, Pxl1p, are also recruited to the ring. Mutants of these proteins result 
in defective actomyosin rings. In addition, the glucan synthase, Bgs1p and other 
components of the septum synthesis machinery, such as Ags1p (not shown here) 
provide additional stability to the actomyosin ring and also synthesize the division 
septum. 
 
Pxl1p, a LIM-domain protein, was identified as a homolog to S. cerevisiae Pxl1p and 
vertebrate paxillin that is known to be involved in focal adhesion signalling in various 
cell types (Ge et al., 2008). Pxl1p directly interacts with Rho1p, which in turn 
regulates cell wall synthesis (Pinar et al. 2008). Pxl1p also directly interacts with the 
myosin light chain regulatory protein, Rlc1p and also with the F-BAR protein, 
Cdc15p (Pinar et al. 2008; Roberts-Galbraith et al. 2009). Pxl1p localization to the 
actomyosin ring and its maintenance at the ring are F-actin dependent, but are 
independent of SIN activity.  Deletion of Pxl1p results in a high percentage of 
septating cells and cells with defective irregular actomyosin rings that are unable to 
coalesce completely (Ge and Balasubramanian 2008; Pinar et al. 2008). Often, two 
rings are observed in the mutant cells, but only one of the rings constricts and results 
in septum formation. Interestingly, the second ring appears only upon initiation of 
constriction of the primary ring. This suggested that Pxl1p is required to preserve the 
integrity of the constricting ring (Cortés et al. 2015; Ge and Balasubramanian 2008). 
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Consistent with improper ring formation, ring constriction is observed to be much 
slower than in wild type cells. All these data point towards Pxl1p collaborating with 
other proteins, e.g. Cdc15p with which it physically interacts, to promote efficient 
ring formation and constriction.  
More detailed analyses in recent studies have observed the sliding of actomyosin 
rings in pxl1Δ cells (Cortés et al. 2015). This sliding is evident until initiation of 
septum synthesis. Interestingly, the glucan synthases, Bgs1p and Ags1p, are also seen 
to slide along the longitudinal axis of the cell along with the sliding ring. This 
observation further supported the idea that Pxl1p is involved in stable anchorage of 
the ring at the cell middle (Cortés et al. 2015; Ge and Balasubramanian 2008; Pinar et 
al. 2008). Similar sliding of the ring and glucan synthases is also observed in mutant 
of the β-1,3-glucan synthase gene (bgs1) mutant, cps1-191 (Cortés et al. 2015). In a 
mutant of pxl1Δ with repressed bgs1 expression, the ring sliding phenotype is further 
aggravated with septa being further displaced from the centre.  In this case, a large 
percentage of cells are also observed with open septa with no rings or aberrant ring 
structures. This suggests cooperation between Pxl1p and the enzyme responsible for 
primary septum synthesis, Bgs1p. These two proteins along with other proteins 
provide anchoring to the actomyosin ring and consequently ensure efficient septum 
synthesis and cytokinesis. 
The SH3 domains of the two proteins, Imp2p and Cdc15p, also cooperate in providing 
stability to the actomyosin ring (Ren et al. 2015; Roberts-Galbraith et al. 2009). 
Simultaneous deletion of SH3 domains of both Imp2p and Cdc15p results in cell 
death (Roberts-Galbraith et al. 2009). Germinating spores from this double mutant 
present frayed and fragmented rings, suggesting a redundant and essential role played 
by both these proteins in stabilizing the actomyosin ring. As Cdc15p functions as a 
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scaffold and interacts with multiple proteins at the division site, Cdc15p provides 
stability to the actomyosin ring at multiple levels (Arasada and Pollard 2014; 
Fankhauser et al. 1995; Martín-García et al. 2014; Ren et al. 2015; Alaina H. Willet et 
al. 2015). As discussed earlier, Cdc15p also interacts with Pxl1p, which also affects 
the stability of the actomyosin ring (Ge and Balasubramanian 2008; Pinar et al. 2008). 
Further, at the division site, Cdc15p also contributes to the transport of Bgs1p from 
the trans-Golgi network to the plasma membrane (Arasada and Pollard 2014). Thus, it 
is evident that Cdc15p stabilizes the actomyosin ring by direct recruitment and 
tethering of ring proteins to the cell medial plasma membrane while coupling the 
actomyosin ring to septum cell wall synthesis. 
Another F-BAR protein, Rga7p has also been suggested to contribute to cell 
morphology and cytokinesis (Arasada and Pollard 2015; Martín-García et al. 2014). 
Through its Rho2-GAP activity, Rga7p also contributes to maintaining cell wall 
integrity by regulation of the MAP kinase Pmk1p signalling pathway (Soto et al. 
2010). Deletion of Rga7p results in cell death in a proportion of cells with other cells 
being swollen or rounded with improperly disassembled rings (Martín-García et al. 
2014). As a consequence, aberrant septa are formed with ring fragments still present 
in plasma membrane extensions. Rga7p interacts with two other F-BAR proteins, 
Cdc15p and Imp2p in maintaining a stable ring. Double mutants, cdc15-140 rga7Δ 
and imp2Δ rga7-repressed cells, display incomplete septa with no actomyosin ring 
(Martín-García et al. 2014).  Studies have also detected direct physical interaction of 
Rga7p with Imp2p, Fic1p and Pxl1p. Consistently, double mutants rga7Δ pxl1Δ and 
rga7Δ imp2Δ are synthetic lethal.  
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1.7 The cell wall and the division septum 
A common feature that demarcates fungal cells from animal cells is the presence of an 
external carbohydrate rich cell wall (Bowman and Free 2006; Free 2013). This 
structure serves two main purposes – one to function as a barrier and second to 
counteract the high internal turgor pressure of the cells. Over the years, the view 
about the cell wall has evolved to establish it to be a flexible and dynamic structure 
rather than an unyielding structure. The tractability of the cell wall is essential for the 
cell growth and for its ability to modify itself in presence of external cues. The bulk of 
the cell wall, up to 90%, is composed of polysaccharides (Free 2013). These insoluble 
sugar chains are synthesized by synthases residing at the plasma membrane which use 
components from the cytoplasmic pool to be extruded into the cell wall space by 
vectorial synthesis (Cabib, Bowers, and Roberts 1983). During cytokinesis, as the 
actomyosin ring constricts, a division septum, similar in composition to the cell wall 
(with minor differences), is deposited and is in continuation with the cell wall. The 
continuity between the cell wall and the division septum ensures that no leakage of 
the cell contents occurs during cytokinesis and after cell separation this division 
septum itself is modified to form the cell wall at the new cell end. 
1.7.1 Cell wall of fission yeast 
Similar to other fungal cells, fission yeast cells have an external cell wall - a mix of 
glucans and mannoproteins. The bulk of S. pombe cell wall is composed of the 
glucose polymer β-1,3-glucan (50-54%), with approximately 2-4% carrying β-1,6-
glucan branches (Bush et al. 1974; Kopecká, Fleet, and Phaff 1995; Manners and 
Meyer 1977). Another major constituent of the cell wall is α-glucan constituting 28-
32% of the total cell wall polysaccharides (Bush et al. 1974). The remaining cell wall 
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is mainly composed of galactomannan, which is associated to proteins to form 
glycoproteins (Horisberger, Vonlanthen, and Rosset 1978). Unlike, other fungal cells, 
S. pombe vegetative cells lack chitin in their cell walls (Arellano et al. 2000; Martı́n-
Garcı́a, Durán, and Valdivieso 2003; Matsuo et al. 2004). Though chitin synthase 
genes are present in the S. pombe genome, wheat-germ agglutinin staining is not 
detected in the cells. Also, deletion of the predicted chitin synthase gene does not 
produce any defect in cell morphology / viability (Martı́n-Garcı́a et al. 2003). Chitin is 
however, detected in wild type ascospores (Arellano et al. 2000).  
The cell wall displays a three-layered structure when viewed with an electron 
microscope (Osumi et al. 1998). The two outer dark electron-dense layers have been 
shown to deposit galactomannan, while the middle layer is enriched in β-1,3-glucan 
and α-1,3-glucan (Humbel et al. 2001). Looking specifically at the division septum, 
this too is a three-layered structure. The inner electron-transparent layer is composed 
mainly of linear β-1,3-glucan found exclusively at the primary septum (Cortés et al. 
2007; Humbel et al. 2001). Branched β-1,3-glucan and α-1,3-glucan can also be 
detected at the primary septum (Humbel et al. 2001). The secondary septum is more 
similar to cell wall, being composed of branched β-1,3-glucan, β-1,6-glucan, α-1,3-
glucan, but with an additional branched β-1,6-glucan component at the secondary 
septum (Humbel et al. 2001; Muñoz et al. 2013). At the junction of the primary 
septum and lateral cell wall, there is also a structure of unknown composition and 
function called material triangulaire dense ‘MTD’ (Johnson, Yoo, and Calleja 1973). 
There exist different glucan synthases that produce the different polymers of the cell 
wall. This is discussed in the following sections. 
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1.7.2 Biosynthesis of cell wall 
β-glucan forms a major component of S. pombe septum and the cell wall and the 
synthases involved in this synthesis are essential for the cell. Bgs1p is the enzyme 
responsible for linear β-1,3-glucan synthesis, the main component of the primary 
septum (Cortés et al. 2002, 2007; Ishiguro et al. 1997; Liu et al. 1999, 2002; Liu, 
Wang, and Balasubramanian 2000). Bgs3p and Bgs4p, the other two β-glucan 
synthases are probably involved in synthesis of the secondary septum (Cortés et al. 
2005; Martín, García, Carnero, Durán, and Sánchez 2003; Muñoz et al. 2013). All 
these three β-glucan synthases are believed to be under the regulation of the GTPase, 
Rho1p (Arellano, Duran, and Perez 1996; Nakano, Arai, and Mabuchi 1997). The 
other main component of the cell wall is α-glucan, synthesized by at least Ags1p, 
another essential glucan synthase (Cortés et al. 2012; I. García et al. 2006; 
Hochstenbach et al. 1998). The GTPase Rho2p regulates Ags1p activity (Calonge et 
al. 2000). The different glucan synthases are discussed in the following sections. 
 β-glucan synthases – Bgs1p / Cps1p 
S. pombe encodes four β-glucan synthases, of which Bgs1p / Cps1p and Bgs4p have 
been characterized most extensively. Bgs1p is the enzyme responsible for 
synthesizing β-1,3-glucan at the primary septum (Cortés et al. 2007). The gene was 
identified initially as a mutant displaying hypersensitivity to spindle poison and 
independently as a mutant displaying an increase in ploidy (Hayles et al. 1994; 
Ishiguro and Uhara 1992). Sequence analysis also shows Bgs1p to be similar to S. 
cerevisiae Fks1p and Fks2p proteins, both involved in β-1,3-glucan synthesis (Inoue 
et al. 1995; Ishiguro et al. 1997; Liu et al. 1999; Mazur et al. 1995; Qadota et al. 
1996). Bgs1p is an integral membrane protein with 14-16 transmembrane helices (Liu 
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et al. 2002). Bgs1p localizes to the growing zones in vegetative cells and also during 
mating, spore wall synthesis and germination (Cortés et al. 2002; Liu et al. 2002). 
Bgs1p also localizes to the division site at the inner edge of the ingressing septum, 
just outside of the actomyosin ring. Bgs1p first appears as a ring at the division site, 
which grows centripetally inwards to form a plaque as the actomyosin ring constricts. 
Localization of Bgs1p to the division site requires the secretory pathway, for which 
the actomyosin ring serves as a spatial cue (Liu et al. 2002). The F-actin cytoskeleton 
is also essential for loading of Bgs1p into the ring.  On the other hand, initial 
accumulation of Bgs1p to the division site and maintenance of Bgs1p at the division 
site are both independent of F-actin structures. Active SIN signalling is required both 
for the relocalization of Bgs1p from the cell ends to the division site and also for 
Bgs1p to be incorporated into the actomyosin ring.  
Characterization of various bgs1 mutants has provided further insight into the 
function of Bgs1p in cytokinesis. The bgs1 null mutant cells display rounded swollen 
phenotype and are incapable of septum synthesis and accumulate multiple nuclei - up 
to 32 nuclei over time (Liu et al. 1999). Phalloidin staining suggested that bgs1Δ cells 
are capable of assembling an actomyosin ring but it disassembles after mitosis. Cortés 
et al. have analysed bgs1Δ cells both by TEM and IEM to study the cellular 
ultrastructure (Cortés et al. 2007). Though the null mutant synthesized a division 
septum, the electron-transparent primary septum component is completely absent in 
the division septum. The division septa were very thick, and showed multi-layered 
depositions of secondary septa. IEM using linear β-1,3-glucan antibody also depicted 
it to be absent from septum structures. These two experiments were key in identifying 
a direct role for Bgs1p in primary septum and linear β-1,3-glucan synthesis.  
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Another bgs1 mutant, cps1-191, is a temperature sensitive mutant that carries a point 
mutation resulting in a change from a conserved aspartic acid residue at position 277 
to asparagine (Liu et al. 1999). The mutant phenotype displays a defect in primary 
septum synthesis and arrests as a binucleate cell (two interphase nuclei) with an 
unconstricted actomyosin ring. On longer incubations, mutant cells accumulate 
multiple nuclei and undergo lysis. This arrest at the restrictive temperature suggested 
the presence of a cytokinesis checkpoint that detects the presence of F-actin 
dependent structures in the cell and inhibits additional mitotic cycles. The phenotype 
of an increased percentage of septated cells in another bgs1 mutant, cps1-N12, also 
suggested the existence of a septation checkpoint (Le Goff, Woollard, and Simanis 
1999). The presence of the septum itself or the aberrant composition of the septum 
might activate this checkpoint, preventing further rounds of septation. 
 β-glucan synthases – Bgs3p 
The beta-glucan synthase, Bgs3p, was identified as a mutant hypersensitive to cell 
wall synthesis inhibitors, Echinocandin and Calcofluor White (Martín, García, 
Carnero, Durán, Sánchez, et al. 2003). Like other glucan synthases of S. pombe, 
Bgs3p is also an essential integral membrane protein, which localizes to the growth 
areas, division septum and mating projections. Repression of Bgs3p expression results 
in rounded cells with reduced β-glucan and increased α-glucan levels, suggesting a 
role for Bgs3p in normal morphology, cell growth and cell wall synthesis. 
Overexpression of any of the other glucan synthases could not compensate for the 
lack of Bgs3p, pointing towards a very specific role for Bgs3p in cell wall synthesis 
(Martín, García, Carnero, Durán, and Sánchez 2003). Also, overexpression of Bgs3p 
results in lethality (Martín, García, Carnero, Durán, and Sánchez 2003). Further 
details for the role of Bgs3p in cell wall synthesis are yet to be determined. 
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 β-glucan synthases – Bgs4p 
Bgs4p is another essential glucan synthase, synthesizing the bulk of cell wall β-1,3-
glucan, a cell wall component that is essential for cell wall integrity (Martins et al. 
2011; Muñoz et al. 2013). Bgs4p localizes to the growing cell ends and localizes later 
than Bgs1p to the division site, when septum synthesis has initiated (Cortés et al. 
2005). In the absence of Bgs4p, lack of cell wall branched β-glucan leads to 
actomyosin ring sliding and oblique positioning of actomyosin rings (Muñoz et al. 
2013). Further, Bgs4p-synthesized β-glucan is also essential in coupling the 
actomyosin ring to the plasma membrane and extracellular cell wall. Cells lacking 
Bgs4p function are also incapable of completion of primary septum synthesis and lack 
a secondary septum. Similar to that observed for Bgs3p, no other glucan synthase 
could compensate for the absence of Bgs4p. 
 α-glucan synthase – Ags1p 
S. pombe encodes for at least five α-glucan synthase genes, of which only Ags1p is 
essential and takes part in the vegetative life cycle (Cortés et al. 2012; I. García et al. 
2006; Hochstenbach et al. 1998; Katayama et al. 1999; Vos et al. 2007). Ags1p 
synthesizes the α-1,3-glucan component of the cell wall and localizes to sites of cell 
wall synthesis such as the cell ends, division septum and mating projections. At the 
division septum, Ags1p is coincident with Bgs1p, localizing initially as a ring and 
growing inwards as a disc (Cortés et al. 2012). Consistent with colocalization results, 
Ags1p and Bgs1p also physically interact. Over expression of Ags1p is lethal for the 
cells, as is deletion of Ags1p. Ags1p depletion leads to severe defects in maintaining 
cell wall integrity during polarized growth and in maintaining a rigid primary septum 
(Cortés et al. 2012). Electron micrographs of Ags1p-depleted cells show a twisted 
primary septum that is improperly anchored. Ags1p-depleted cells also present defects 
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in cell separation, which happens by sudden tearing of the primary septum in this 
background. This is unlike the gradual separation observed in wild type cells, 
allowing symmetric dissolution of the primary septum concomitant with gradual 
rounding of the secondary septum to maintain a stable conformation. Thus, the 
support of α-glucan component of the secondary septum is essential for providing 
support to the primary septum and for it to withstand the internal turgor pressure. It is 
also possible that the cell separation process requires proper synthesis of both primary 
and secondary septum. 
 
In summary, all the cell wall glucans are essential for maintaining the integrity of the 
cell wall through different cell cycle stages.  
1.7.3 Regulation of septum cell wall synthesis  
Regulation of cell wall synthesis and actin organisation is under the control of Rho 
GTPases, which function as the regulatory subunit in the glucan synthase enzymatic 
complex (Cabib et al. 1997; Hoon, Tan, and Koh 2016; Perez and Rincón 2010). Rho 
GTPases function as molecular switches being “on” in their GTP bound state and 
“off” in the GDP bound state. While guanine nucleotide exchange factors (GEFs) 
function as activators of the GTPases, GTPase activating proteins (GAPs) function to 
hydrolyze the Rho-bound GTP to GDP. It is predicted that Rho1p GTPase directly 
acts on Bgs1p and Bgs4p (and indirectly through protein kinase Pck2p) while Rho2p 
activates Ags1p (Calonge et al. 2000; Nakano et al. 1997). Overexpression of Rho1p 
results in an intensification in β-1,3-glucan synthase activity along with cell wall 
thickening, defects in cell morphology and abnormal division septa (Arellano et al. 
1996; Nakano et al. 1997). However, overexpression of Rho2p results in cell death 
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with a dramatic increase in α-glucan levels while β-glucan levels remain unaltered 
(Calonge et al. 2000). The S. pombe GEFs, Rgf1p, Rgf2p, Rgf3p are all activators of 
Rho1p, with Rgf1p and Rgf2p being functionally redundant in general cell wall 
synthesis while Rgf3p has a more specific role for cell wall synthesis at the new cell 
end (Mutoh, Nakano, and Mabuchi 2005). At the division site, timely and correct 
activation of Rho-GTPases is fine-tuned by interaction with other components of the 
cytokinetic machinery such as the F-BAR proteins, Cdc15p or Imp2p which recruit 
Rgf3p, a GEF for Rho1p (Morrell-Falvey et al. 2005; Mutoh et al. 2005; Tajadura et 
al. 2004). Further, the paxillin-like protein, Pxl1p, also present at the ring through 
recruitment by Cdc15p, negatively regulates Rho1p activity (Pinar et al. 2008). 
Rgf1p, also a GEF for Rho1p, probably regulates SS synthesis by Bgs4p activation 
(P. García et al. 2006). Another F-BAR protein, Rga7p, also present at the division 
site functions as a GTPase activating protein (GAP) for Rho2p (Soto et al. 2010).  
Finally, when septum synthesis is completed, clearance of contractile actomyosin ring 
remnants is required for polarized growth at the new daughter cell ends.  
1.8 Cell separation 
Upon completion of septum synthesis, the daughter cells need to be released from 
each other. The accurate execution of the separation process is ensured by the 
concerted action of a number of proteins and enzymes. Cell separation is initiated by 
the action of endo-α-1,3-glucanase, Agn1p (Dekker et al. 2004; García et al. 2005) on 
the cell wall material surrounding the division septum. This is followed by dissolution 
of the primary septum by the action of endo-β-1,3-glucanase Eng1p (Martín-
Cuadrado et al. 2003). The internal turgor pressure of the cell further aids the 
dissolution of the primary septum. It is of utmost importance that cell separation is 
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initiated only upon completion of septum synthesis. Premature activation of gene 
products involved in cell separation would lead to deleterious effects on the integrity 
of the cell.   
1.8.4 Transcriptional regulation of cell separation 
A transcriptional cascade is involved in the timely activation of the genes involved in 
cell separation. This cascade initiates with the forkhead-like transcription factor, 
Sep1p, a part of the PBF (Pombe cell cycle box binding factor) transcriptional 
complex, which comprises at least two more factors, another forkhead-like protein 
Fkh2p and a MADS box-like protein Mbx1p (Buck et al. 2004; Ribár, Bánrévi, and 
Sipiczki 1997). Sep1p in turn regulates the levels of the zinc finger transcription 
factor Ace2p, which has a number of downstream effectors, including the two 
glucanases, Agn1p and Eng1p and also the anillin protein Mid2p (Alonso-Nuñez et al. 
2005; Balazs et al. 2012; Suárez et al. 2015). The anillin protein Mid2p affects cell 
separation by regulating the localization of the septin ring at the septum which in turn 
are required for the correct localization of the glucanases (Martín-Cuadrado et al. 
2003; Petit et al. 2005). 
In S. pombe, the three Ace2p targets, Eng1p, Agn1p and Mid2p, among others, 
display periodic fluctuations in their mRNA expression pattern throughout the cell 
cycle, with a dramatic increase at the later stages of the cell cycle (Alonso-Nuñez et 
al. 2005). Consistently, the three proteins, Agn1p, Eng1p and Mid2p all contribute to 
efficient cell separation. Further, Sep1p also directly regulates Eng1p levels, while 
Mbx1p possibly directly regulates levels of Agn1p (Suárez et al. 2015). On the other 
hand, Fkh2p potentially could have an inhibitory effect on expression of both Agn1p 
and Eng1p (Buck et al. 2004).  
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Interestingly, such a transcription cascade regulating the expression of cell separation 
genes is also conserved in budding yeast (forkhead transcription factors ScFkh1p and 
ScFkh2p directly regulate ScAce2p expression) and in Schizosaccharomyces 
japonicus (SjSep1p regulates levels of SjAce2p) (Balazs et al. 2012; Hollenhorst et al. 
2000; Hollenhorst, Pietz, and Fox 2001). Further, expression of SjSep1p and SjAce2p 
can substitute for the absence of sep1 and ace2 in S. pombe mutants (Balazs et al. 
2012).  
Deletion of any of the five genes of this cascade - sep1, ace2, mid2, eng1, agn1, show 
cell separation defects with subtle differences (Alonso-Nuñez et al. 2005; Berlin, 
Paoletti, and Chang 2003; García et al. 2005; Martín-Cuadrado et al. 2003; Sipiczki, 
Grallert, and Miklos 1993; Tasto, Morrell, and Gould 2003). However, all of the 
mutants display proper septum assembly as assessed by transmission electron 
micrographs.  
The cell separation defects of sep1Δ can be suppressed by overexpression of Ace2p 
(Alonso-Nuñez et al. 2005). Deletion of ace2 results in branched cells, a phenotype 
also seen in double mutant eng1Δ agn1Δ (Alonso-Nuñez et al. 2005). Interestingly, 
deletion of mid2 displays a phenotype similar to that seen in eng1Δ with up to four 
cells connected to each other as a result of cell separation failure (Berlin et al. 2003; 
Tasto et al. 2003).  
1.8.5 Regulation of localization of cell separation hydrolases 
The correct localization of the glucanases, Agn1p and Eng1p, requires the combined 
effort of septins, the anillin protein Mid2p, the exocyst complex and an activated 
Rho4p (Martín-García and Santos 2016), as described in the next few sections.  
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 Septins and exocyst in correct localization of glucanases 
Cell separation defects have been reported in mutants of the exocyst (sec6, sec8, 
sec10, and exo70), septin (spn1, spn2, spn3, spn4) and the anillin protein mid2 of S. 
pombe (Berlin et al. 2003; Petit et al. 2005; Wang et al. 2002).  
Septins are conserved GTP binding proteins that exist as heterooligomeric complexes 
(An et al. 2004). Septins are non-essential proteins that localize to the cell division 
site late in mitosis as a ring (Berlin et al. 2003; Tasto et al. 2003). The septin ring is 
observed to split as the division septum is laid down and disperses after cell 
abscission. Proper organization of the septin ring also requires the activity of another 
non-essential anillin protein, Mid2p (An et al. 2004; Berlin et al. 2003). The exocyst 
comprises of five subuntis – Sec6p, Sec8p, Sec10p, Sec15p and Exo70p (Wang et al. 
2002). The exocyst protein complex has been implicated in targeting and fusion of 
vesicles from Golgi at the plasma membrane (Hsu et al. 2004). The septin and exocyst 
complex act independently in ensuring correct localization of the glucanases, Eng1p 
and Agn1p (Martín-Cuadrado et al. 2005). In wild type cells, Eng1p and Agn1p are 
seen to colocalize to the septum region as a dynamic ring to the region surrounding 
the division septum but are restricted by the split septin rings to the correct site. On 
disruption of function of the exocyst, the septins or Mid2p, this ring localization of 
both Agn1p and Eng1p is affected (Martín-Cuadrado et al. 2005). For example, in 
mutants of Sec8p and Exo70p, Agn1p and Eng1p were seen to be accumulated 
intracellularly (Martín-Cuadrado et al. 2005; Wang et al. 2002). Septin mutants 
display a disk like localization of both Agn1p and Eng1p, with fluorescent signal 
being spread all over the septum (Martín-Cuadrado et al. 2005). Lastly, Mid2p is 
essential for stabilizing the septin ring and thus indirectly effects the localization of 
Eng1p and Agn1p by effecting the septin structures (Berlin et al. 2003; Martín-
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Cuadrado et al. 2005; Tasto et al. 2003). In summary, the current hypothesis is that 
the exocyst is important for the delivery of vesicles carrying the glucanases to the 
division site. The site of delivery of these vesicles is marked by the septin rings 
present on either side of the division septum, with Mid2p ensuring correct septin 
structure. 
 Rho4p regulates localization of both Eng1p and Agn1p 
The yeast Rho GTPases play an essential role in coordination and regulation of actin 
cytoskeleton with cell wall biogenesis and consequently affect cell integrity and 
polarity (Perez and Rincón 2010).  Among the six S. pombe Rho GTPases, Rho4p, 
plays a very important role in targeting the hydrolases to the septum area. rho4Δ cells 
display cell separation defects at higher temperatures (Nakano et al. 2003; Santos et 
al. 2003). Recently, a link between Rho4p and the exocyst complex has also been 
uncovered with Rho4p displaying physical interaction with two components of the 
exocyst, Sec8p and Exo70p (Perez, Portales, and Santos 2015). The absence of Rho4p 
affects exocyst function and localization, resulting in accumulation of vesicles at the 
septum and aberrant localization of glucanases, Agn1p and Eng1p (Santos et al. 
2005). In addition, secretion of both Eng1p and Agn1p is impacted in rho4Δ 
background, with Eng1p secretion being affected to a larger extent (Santos et al. 
2005). Consistently, overexpression of Rho4p results in lethality and cell lysis (Santos 
et al. 2003). Rho4p is also essential for maintenance of the septin ring at higher 
temperatures (Perez et al. 2015). This is probably a consequence of the physical 
interaction detected between Rho4p and the two septins, Spn1 and Spn3, in wild type 
cells. However, the association of Rho4p with the exocyst occurs independently of 
Rho4p-septin interaction. 
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1.9 Force requirements for successful cytokinesis 
Fungal cells differ from mammalian cells in that they have an external cell wall that is 
laid down as a division septum as the actomyosin ring constricts. Another important 
difference is the presence of high internal turgor pressure (defined as the difference 
between the cell internal pressure and external pressure of medium) in fungal cells. 
The turgor pressure is approximately 3-4 times higher than that of animal cells. This 
turgor contributes in defining cell shape and influencing endocytosis and more 
recently has been shown to contribute to the process of cytokinesis as well (Basu, 
Munteanu, and Chang 2013; Davì and Minc 2015; Proctor et al. 2012). Experiments 
have demonstrated a loss of cell shape when the cell wall is ablated as the internal 
turgor pressure is reduced (Atilgan et al. 2015). On the other hand, if cells with 
ablated cell walls are placed in a high osmolarity medium, the cells are able to 
preserve their shape (Atilgan et al. 2015). Also, the internal turgor pressure is required 
for efficient cell separation and for the new cell end to assume a rounded shape once 
it is free from the other cell (Atilgan et al. 2015). 
The internal turgor pressure of growing yeast cells has been calculated to be 0.85 MPa 
with an additional 0.1 MPa for the cell wall to yield (Minc, Boudaoud, and Chang 
2009). As mentioned, the turgor pressure also comes into consideration when fission 
yeast cells (or any fungal cell in general) undergo cytokinesis. Cells not only need 
enough force to go through the physical act of cytokinesis but also need to counteract 
the high internal pressure (Proctor et al. 2012). On the basis of calculations from 
estimating the number of myosin motors at the actomyosin ring and approximate 
force generated from contraction of each motor, it has been suggested that the force 
generated from actomyosin ring constriction may not be sufficient to drive cytokinesis 
(Proctor et al. 2012; Stachowiak et al. 2014). Specifically, it has been estimated that 
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force from ring constriction only comes up to around 1% of what would be needed to 
overcome the internal turgor pressure of S. pombe cells (Proctor et al. 2012). These 
results have led to the evolution of a hypothesis that the force required to drive 
cytokinesis might be mainly through the division septum growing inwards as glucan 
fibrils are being vectorially synthesized towards the cell interior along with plasma 
membrane ingression (Muñoz et al. 2013; Proctor et al. 2012). It is estimated that at a 
given time of septum ingression, there are around 4000 β-glucan fibrils being 
polymerized, and the force generated by this polymerization would be sufficient to 
offset internal turgor pressure, suggesting that the force from division septum 
synthesis is the main contributor towards cytokinesis (Proctor et al. 2012).  
If indeed the force for successful cytokinesis is provided by division septum 
synthesis, it leads one to wonder what the role of the actomyosin ring in cytokinesis is 
then. The possibility that the actomyosin ring might function to keep the septum in a 
stretched state has already been ruled out (Zhou et al. 2015). Experiments have shown 
that if the actin ring is depolymerized once septum has ingressed to around 50%, the 
ring becomes dispensable, though septum synthesis continues at a much slower rate 
and its morphology is affected (Proctor et al. 2012). These studies indicate that the 
actomyosin ring serves as an important guide to ensure homogenous septum 
formation. Also, uneven distribution of ring fragments in actomyosin ring mutants or 
LatA treated cells, influenced enrichment of Bgs1p at these sites (Zhou et al. 2015). 
This suggested that the local variations in the ring could induce correlated spatial 
distribution of the Bgs1p-dependent septum synthesis machinery. Further, imaging 
septum ingression in cells whose septum curvature had been modified (by flattening 
or elongation of cells by physical force), showed that septum ingression is dependent 
on local curvature - the more curved a region, the faster is the growth of the septum at 
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that region (Zhou et al. 2015). In summary, the actomyosin ring may positively 
regulate spatial distribution of the septum synthesis machinery, with the rate of 
ingression of the septum being mechanosenstive to the pulling force exerted by the 
ring perpendicular to the plane of the plasma membrane encasing the septum. 
1.10 Cytokinesis in budding yeast 
In budding yeast, the site of division is selected at G1 itself, and is determined by the 
previous bud site. Among the first proteins to reach at the division site are GTP-
binding proteins, septins (Gladfelter 2001; Oh and Bi 2011). Septins have been shown 
to serve as scaffolds for the actomyosin ring. The main components of the actomyosin 
ring are actin filaments, myosin II heavy chain protein (Myo1p) and the essential and 
regulatory light chain myosin proteins (Mlc1p and Mlc2p). Similar to fission yeast, 
successful cytokinesis in budding yeast depends on the intricate interplay between 
actomyosin ring and primary septum synthesis (Wloka and Bi 2012). This interplay is 
further demonstrated on observation that blocking primary septum synthesis impairs 
actomyosin ring constriction. Similarly inhibition of actomyosin ring disassembly has 
consequences on primary septum synthesis, as robust actin dynamics are a 
prerequisite for primary septum synthesis (Meitinger and Palani 2016). Unlike fission 
yeast primary septum, the primary septum in budding yeast is composed of chitin 
(chains of β-1,4-N-acetylglucosamine) (Cabib and Arroyo 2013). The chitin synthase 
enzyme, Chs2p, is responsible for chitin synthesis at the primary septum in a 
centripetal manner coupled to actomyosin ring constriction (Silverman et al. 1988). 
Chs2p is cell cycle regulated, being retained as ER stores until mitotic exit (VerPlank 
and Li 2005; Zhang et al. 2006). At this time, temporal targeted secretion of Chs2p is 
brought about and further activation of Chs2p at cell division site is mediated by the 
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C2 domain protein Inn1 and is supported by Cyk3p (Devrekanli et al. 2012; 
Nishihama et al. 2009). Later secondary septum is deposited on both sides of the 
primary septum. Two enzymes, Fks1p and Fks2p, are responsible for the synthesis of 
the secondary septum (Douglas et al. 1994; Mazur et al. 1995). There exists 
functional redundancy between Fks1p and Fks2p as cells can survive with just one fks 
gene, but deletion of both the genes is synthetically lethal (Mazur et al. 1995).  
A recent report reveals the presence of interactions of the primary septum chitin 
synthase, Chs2p with a set of actomyosin ring proteins - Myo1p (myosin type II), 
Iqg1p (IQGAP protein), Hof1p (F-BAR protein), Inn1p (C2 domain protein) and 
Cyk3p (SH3 domain protein). This complex of proteins has been named as 
ingresssion progression complex or IPCs, and regulates coordination between 
actomyosin ring constriction, ingression of the plasma membrane and synchronized 
division septum deposition (Foltman et al. 2016). All the ring proteins individually 
interact with Chs2p and together function towards ensuring correct localization and 
activation of Chs2p. 
Interestingly, budding yeast cells lacking the type II myosin, Myo1p, are viable and 
capable of cytokinesis (Schmidt et al. 2002). However, a defective division septum is 
synthesized, that grows in the longitudinal direction rather than in a centripetal 
manner. Also, in the absence of the primary septum synthesizing chitin synthase, 
Chs2p, cells are able to deposit a salvage septum dependent on another chitin 
synthase, Chs3p (Cabib and Schmidt 2003; Schmidt 2004). In wild type cells, Chs3p 
is involved in chitin synthesis in the lateral cell walls and at the bud scar of the mother 
cell (Shaw et al. 1991).  
Similar to fission yeast, cell separation between the two cells is brought about by 
degradation of the primary septum (Weiss 2012). This process is also transcriptionally 
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regulated with the downstream effectors being glucanases that partial degrade the 
secondary septum and the chitinase Cts1p that dissolves the primary septum 
(Baladrón et al. 2002; Kuranda and Robbins 1991; Yeong 2005). 
1.11 Budding yeast cell wall 
The budding yeast cell wall is enriched in β-1,3-glucan (35%), β-1,6-glucan (~5%) 
and also chitin (1-2%) (Cabib et al. 2001; Orlean 2012). Other than these 
polysaccharides, cell wall mannoproteins are also detected in the cell wall.  
S. cerevisiae expresses three chitin synthase proteins, with Chs1p, Chs2p and Chs3p 
being the catalytic units (Shaw et al. 1991; Ziman, Chuang, and Schekman 1996). 
These proteins utilise UDP-GlcNAc as a substrate and synthesize chitin (β-1,4-linked 
N-acetylglucosamine). Chitin is detected as a ring during bud emergence, at the 
primary septum of the bud neck and also in the lateral cell walls of newly formed 
daughter cells (Shaw et al. 1991). The primary septum is synthesized in a centripetal 
manner at the bud neck by the activity of Chs2p, while Chs3p synthesizes the chitin 
ring at the base of the emerging bud. In the absence of Chs2p, cells deposit a thick 
secondary septum lacking a primary septum, while in the absence of Chs3p, cells still 
synthesize a three-layered septum but in an elongated neck region (Cabib and 
Schmidt 2003; Sanz et al. 2004; Schmidt 2004; Shaw et al. 1991).  
β-1,3-glucan in vegetative cells is synthesized from UDP-glucose by members of the 
Fks family of proteins, Fks1p and Fks2p proteins, both requiring the regulatory 
GTPase subunit, Rho1p (Dijkgraaf et al. 2002; Inoue et al. 1995; Mazur et al. 1995; 
Qadota et al. 1996). Fks1p is transported from the ER to the plasma membrane by the 
secretory pathway and localizes to growth zones and sites of cell wall restructuring 
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(Dijkgraaf et al. 2002; Qadota et al. 1996; Utsugi et al. 2002). Mutations in either 
Fks1p or Fks2p result in reduced β-1,6-glucan levels, with a deletion of Fks1p 
displaying a 75% reduction in β-1,3-glucan levels (Dijkgraaf et al. 2002). Though 
Fks1p appears to be a major contributor in synthesis of β-1,3-glucan, Fks1p and 
Fks2p have overlapping functions in β-1,3-glucan synthesis as double mutant fks1Δ 
fks2Δ is inviable (Inoue et al. 1995; Mazur et al. 1995). Further, Fks2p is the major 
contributor to β-1,3-glucan in the ascospore wall with Fks3p functioning as glucan 
synthesis regulator.  
β-1,6-glucan is also derived from the substrate UDP-glucose. At present no synthase 
for β-1,6-glucan has been identified. However, ER proteins (Kre5p, Rot2p etc), ER 
chaperone proteins (Rot1p, Keg1p etc) and integral membrane proteins (Skn1p and 
Kre6p) have all been identified to contribute to synthesis of β-1,6-glucan (Kurita, 
Noda, and Yoda 2012; Lesage and Bussey 2006; Levinson et al. 2002; Machi et al. 
2004; Montijn et al. 1999; Nakamata et al. 2007; Roemer, Delaney, and Bussey 
1993). 
1.12 Gaps and objectives 
From the discussion above, we observe that actomyosin ring constriction and division 
septum synthesis are tightly coupled processes. However, it is not known how 
division septum synthesis and the actomyosin ring are coupled together to achieve a 
seamless cytokinetic event. The attachment point between the plasma membrane 
anchored actomyosin ring and the septal cell wall synthesis machinery are yet to be 
identified. In addition, proteins, other than Bgs1p, involved in S. pombe primary 
septum synthesis have not been identified, although primary septum is essential for 
cell viability.  
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The prime objectives of this study are: 
1. To identify proteins that potentially contribute to primary septum synthesis by 
isolating multi-copy suppressors for the temperature sensitive mutant cps1-
191 (mutant of β-1,3-glucan synthase Bgs1p). 
2. To characterize the proteins identified from such a screen and to understand 
their function in cytokinesis. 
3. To establish a possible mechanistic model by which the suppressors could 
rescue the mutant cps1-191. 
4. To understand alterations produced in cps1-191 mutant at the cell wall 
composition and ultrastructure level upon multi-copy expression of suppressor 
proteins. 
5. To understand how actomyosin ring constriction could be coupled to primary 
septum synthesis. 
The identification of more proteins involved in division septum synthesis will 
contribute to a better understanding of S. pombe cytokinesis. The knowledge 
obtained from this thesis would also help us understand how coordination between 
actomyosin ring constriction and division septum synthesis are essential.  
The remaining chapters of the thesis will discuss the experimental methods, 
results and discussion of the results. 
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Chapter 2 Materials and methods 
2.1 Strains and culture media 
2.1.1 S. pombe strains 
MBY 
102 
ade6-210 ura4-∆18 leu1-32 h+ Lab collection 
MBY  
103 
ade6-216 ura4-∆18 leu1-32 h- Lab collection 
MBY  
192 
ura4-∆18 leu1-32 h- Lab collection 
MBY 
737 
imp2::ura4+ leu1-32 ade6-M216 h+ Lab collection 
MBY  
977 
clp1::ura4 ura4-∆18 leu1-32 h+ Lab collection 
MBY 
1148 
cps1-191 ade6-M21x ura4-∆18 leu1-32 h+ Lab collection  
MBY 
5730 
cps1-191 rlc1+-gfp::ura+ pcp1+-gfp:KanMX6 Lab collection  
MBY 
5732 
rlc1+-gfp::ura+ pcp1+-gfp:KanMX6 h- Lab collection  
MBY 
6128 
ade5∆ ade7::ade5+ his5∆ leu1-32 ura4-∆18 h- Lab collection 
MBY 
8558 
ura4-∆18 leu1-32 with pEmpty h- Lab collection 
MBY 
8650 
smi1-GFP:kanMX6 leu1-32 ura4-∆18 h- This study 
MBY 
8651 





ags1∆ 3’UTRags1+::ags1+GFP:leu1+:ura4+   
bgs1∆::ura4+   Pbgs1+::3XHA-bgs1+:leu1+  leu1-
32  ura4-∆18  ade6-M21X  h+ 




+:leu1+ bgs1∆::ura4+ leu1-32  
ura4-∆18   h+   



















cps1-191 ade6-M21x ura4-∆18 leu1-32 with 











bgs1+:leu1+  bgs1::ura4+ leu1-32 ura4-∆18 
This study 




Hyg:eGFP-sbg1+ ura4-∆18 leu1-32 h-  This study 
MBY 
8977 
Hyg:eGFP-sbg1+ mCherry-atb2+:hph leu1-32 










 h+/h+   sbg1:kanMX/sbg1+ade6-M210/ade6-




 h+/h-   sbg1:kanMX/sbg1+ade6-M210/ade6-

















 h+/h-  sbg1:kanMX/sbg1+ mCherry-atb2+:hph 
rlc1+-3GFP::kanMX ade6-M210/ade6-M216 









h+/h- sbg1:kanMX/sbg1+  mCherry-atb2+:hph 













+ bgs1::ura4+  





+ bgs1::ura4+  










+ bgs1::ura4+  




Hyg:eGFP-sbg1+ leu1-32  ura4-∆18    




sbg1-3:his5+:ura4+ clp1::ura4+ leu1-32 ura4-




sbg1-3:his5+:ura4+ his5∆ ura4-∆18 leu1-32 




cdc15-140 sbg1-3:his5+:ura4+ This study 
MBY 
9366 
sbg1-3:his5+:ura4+ his5∆ ura4-∆18 leu1-32 




sbg1-3:his5+::ura4+ his5∆ ura4-∆18 leu1-32 
ade5∆ ade7∆::ade5+ with pSbg1 h- 
This study 
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MBY 
9372 
sbg1-3:his5+:ura4+ his5∆ ura4-∆18 leu1-32 





























cps1-191 rlc1+-gfp::ura+ pcp1+-gfp:KanMX6 




cps1-191 rlc1+-gfp::ura+ pcp1+-gfp:KanMX6 



















cps1-191 rlc1+-gfp::ura+ pcp1+-gfp:KanMX6 
with pSmi1 h+ 
This study 
 
2.1.2 Yeast strains used for two hybrid analysis 
SGY37 MATa leu2 ADE2 ura3-52::URA3-lexA-op-
LacZ his3 trp1 
Geissler et al. (Geissler et 
al. 1996) 
YPH500 MATα ura3-52 lys2-801 ade2-101 trp1Δ63 
his3Δ200 leu2Δ1 
Sikorski et al. (Sikorski 
and Hieter 1989) 
 
2.1.3 Plasmids used in this study 
pCDL1522 pHyg-eGFP:Ampr 
pCDL1000 pAL-KS-empty (referred to as pEmpty) 
pCDL1542 phis5cd:ura4+ 
pCDL1456 phis5c+ 
pCDL1673 psbg1+:his5c+    
pBac5 pAL-KS-sbg1+ (referred to as pSbg1) 
pBac8 pAL-KS-smi1+:his3+ (referred to as pSbg1_his3) 
pBac14 pAL-KS-sbg1-TMΔ (referred to as pSbg1-TMΔ) 
pBac15 pAL-KS-bgs1+ (referred to as pBgs1) 
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pBac16 pAL-KS-smi1+ (referred to as pSmi1) 
pBac6 pAL-KS-empty:his3+ (referred to as pEmpty_his3) 




2.1.4 Growth and maintenance of S. pombe 
Standard conditions were used for S. pombe growth and culture, as described in 
Moreno et al. (Moreno et al. 1991). Cells were grown either in rich medium – Yeast 
extract supplements (YES) or in Edinburgh Minimal medium (MM) to serve as 
selection medium, supplemented with other nutritional supplements as required. For 
mating and sporulation, yeast extract, peptone, dextrose (YPD) agar plates were used. 
To identify mutants at 36°C, YES plates supplemented with PhloxinB (5 mg/L final 
concentration) were used. Cells were kept fresh on appropriate plates and used for 
inoculation overnight at 24°C. Cells from a 0.3-0.6 OD590 culture were used for 
experiments. Strain stocks for storage were made from fresh patches of cells grown 
on an appropriate agar plate, frozen in duplicates as a suspension in YES + 30% 
glycerol at -80°C. 
2.2 Molecular cloning 
2.2.5 Polymerase Chain Reaction (PCR) 
A PTC-100TM Programmable Thermal Controller was used to perform PCRs. For a 
standard 50μl reaction the composition was as follows: 1X expand high fidelity 
buffer, 0.2mM deoxynucleotide mix, 0.5μM of both forward and reverse primers, 1-2 
units of expand high fidelity TAQ DNA polymerase (Roche) or Homemade TAQ 
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(Temasek Life Sciences Laboratory), 1ng-250ng template DNA template (picograms 
to nanograms) and ddH2O added up to total volume.  
A standard program would consist of a Step 1: Denaturation at 95°C 5 min, Step 2: 
Denaturation before each cycle at 95°C 1 min, Step 3: Annealing at 50°C 30 sec, Step 
4: Extension at 72°C, 1 min / kb of DNA to be amplified, Step 5: 25 to 30 cycles of 
Step 2 to 4, Step 6: Final extension at 72°C 5 min and 16°C store forever. Conditions 
were modified as per requirement.  
PCR was also used to introduce mutations in sbg1 gene for marker reconstitution 
mutagenesis approach. Standard protocol was followed except for addition of 
magnesium to the mix and using Homemade TAQ for the reaction. Both these factors 
increase the chance of introducing mutations into the amplified region. The PCR 
product was cleaned up using QIAquick® spin columns 50 (QIAGEN), following 
standard instruction provided in the catalogue.  
2.2.6 Inverse Polymerase Chain Reaction (PCR) 
For inverse PCR, long primers typically of 50bp were designed, such that there was 
an overhang region of ~30bp corresponding to the site of insertion on the plasmid to 
be used, while the remaining primer sequence could amplify the region of interest. 
The fragment obtained by this PCR was purified and then used for the inverse PCR 
step. For a standard reaction the composition was as follows:  
30ng plasmid template, 500ng PCR fragment from above, 1x Pfu Buffer, 2mM 
dNTPs, 1u Pfu Turbo (Agilent), topped up to 50μl with ddH2O. A standard program 
would consist of a Step 1: Denaturation at 94°C 3 min, Step 2: Denaturation before 
each cycle at 94°C 15 sec, Step 3: Annealing at 50°C 20 sec, Step 4: Extension at 
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68°C, 2 min / kb of DNA, Step 5: 20 cycles of Step 2 to 4, Step 6: Final extension at 
68°C 5 min and 16°C store forever.  
2.2.7 Sequencing PCR 
For sequencing, a 20μl reaction mix was used that included 8μl Big Dye, 4μl 
Sequencing primer (1pmol/μl), DNA as per the concentration and ddH2O to make up 
the final volume. Typically, 30-50ng DNA was used for sequencing a DNA fragment 
while 150-200ng was used for plasmid sequencing. 
2.2.8 Marker Fusion tagging 
For the generation of GFP-Sbg1p, we used marker fusion tagging method similar to 
that described in Lai et al (Lai et al. 2010). Briefly, three DNA fragments were 
generated. Fragment 1: 5’UTR of sbg1 ORF (MOH6061+MOH6062 – 375bp), 
fragment 2: hygr-eGFP (MOH6063+MOH6064 from template pCDL1522 – 1.7kb) 
and fragment 3: first 540bp of sbg1 ORF (MOH6065+MOH6066) were obtained. The 
fragments had overhangs such that the three fragments could be fused together in 
order by fusion PCR to generate 5’UTR_sbg1-hygr-eGFP-sbg1_ORF. This PCR 
fragment was then transformed in wild type cells to obtain the GFP-Sbg1p strain by 
selection for hygromycin resistance and confirmed by detection of fluorescence and 
by sequencing. 
2.2.9 Restriction digestion and ligation 
For these steps of cloning, enzymes from New England Biolabs were used, following 
protocols provided by NEB itself.  
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2.2.10 Marker reconstitution mutagenesis 
Marker reconstitution mutagenesis was used to isolate sbg1 temperature sensitive 
mutants (Tang et al. 2011). Two PCR fragments, with K47 and K48 and with K49 
and K50 primers, were obtained. These two fragments were fused by PCR and then 
digested with SpeI and SalI and subcloned into pCDL1542 digested at SalI-NheI site. 
The plasmid thus obtained was digested with PvuII and used for transformation into 
MBY6218. Transformants were selected on minimal media plates lacking uracil and 
were confirmed by sequencing to obtain strain MBY9198. A PCR fragment was 
obtained with K140 and K141 and used for inverse PCR into pCDL1456 to generate 
plasmid pCDL1673. Using primers K185 and K186 mutagenesis PCR was performed 
to obtain fragment sbg1-his5c+, which was transformed into MBY9198. Colonies 
were isolated on histidine lacking selection plates at 24°C. Mutants were selected as 
colonies becoming a dark pink colour on YES with Phloxin B at 36°C. Corresponding 
colonies were isolated from the histidine minus plate, genomic DNA extracted and 
were sequenced for sbg1 gene. Isolated mutants were also backcrossed to ensure 
mutations were linked to both his5+ and ura4+ markers.  
2.3 Plasmid extraction 
 
Plasmid extraction from E. coli. was performed as per the instructions provided in the 
manual for Geneaid Plasmid Mini-Prep Kit. Briefly, E. coli with plasmid of interest 
was grown overnight at 37°C shaker incubator in 3mL LB medium with appropriate 
antibiotic resistance (Carbenicillin / Kanamycin). Following centrifugation, the cell 
pellet was resuspended in 200μl PD1 Buffer.  This was followed by cell lysis by 
addition of 200μl PD2 Buffer, thorough mixing and incubation for 5 min. Next, DNA 
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was released from the mix by addition of 300μl PD3 Buffer. This also precipitated 
proteins out of the mix. The mix was then centrifuged at 13,000rpm for 10 min and 
the supernatant thus obtained was passed through the PD column provided in the kit. 
The column was then washed by centrifugation with 400μl W1 Buffer, followed by 
600μl Wash Buffer. This was followed by an extra spin for 3 min to dry the column. 
Finally, the DNA was eluted by adding 40μl sterile ddH2O. 
2.4 Yeast genetics 
2.4.11 Genetic cross 
Mating crosses were set up between two haploid strains of opposite mating type (h+ or 
h-). These were thoroughly mixed together by addition of water and plated onto YPD 
agar plates for two to three days at 24°C.  
2.4.12 Generating diploid strains 
For obtaining diploids, a non-sporulating diploid (eg. h+/h+) was crossed to a haploid 
of the opposite mating type (h-). It was confirmed that one of the haploid strains had 
the ade6-210 mutation while the other strain had the ade6-216 mutation. Similar to 
haploid crosses, the cells were mixed onto YPD plates but were recovered after one 
day to plate onto minimal medium agar plates lacking adenine. Diploids were selected 
from the adenine plate by selection of complementation of the adenine mutations. The 
diploids were further confirmed by sequencing, checked for ability to sporulate on 
YPD and for different fluorescence markers. 
  39 
2.4.13 Tetrad analysis 
As a way to separate spores from asci, tetrad analysis was done. Tetrads were 
obtained from crosses set up on YPD plates once they had matured. These were 
streaked out on to YES plates and spores were segregated using Singer 
Micromanipulator (MSM-Series 300, Singer Instrument Co. LTD) 
2.4.14 Free spore analysis 
Free spore analysis was also used to separate spores from the asci. Mature asci from 
the crosses on YPD plates were resuspended in 1mL of sterile water containing 5μl 
Glusulase (PerkinElmer Life Sciences, Inc). This was incubated at 36°C for 4 hr or at 
room temperature for crosses with mutants. Next, the mix was treated with 70% 
ethanol to remove vegetative cells and then washed thrice with ddH2O. Depending on 
the concentration of spores, determined under the microscope, spores were further 
diluted and plated onto the appropriate plate to allow growth. 
2.5 Yeast transformation 
For transformation of S. pombe cells, a lithium acetate based protocol was followed 
(Okazaki et al. 1990). Cells in mid-log phase were rinsed with sterile water followed 
by a wash with 1X lithium acetate-TE buffer (10X lithium acetate pH7.5, 1M Tris-
HCl, 10mM EDTA). This mix was centrifuged at low speed – 3000 rpm, and the cell 
pellet resuspended in 100μl of lithium acetate-TE-buffer. Salmon sperm DNA 
(Stratgene) was used as a carrier (50μg). Linearized DNA (10μg) or purified PCR 
product was added and incubated at 24°C for 15 min. A volume of 240μl PEG 
solution (8 g of PEG 4000 dissolved in 20ml of 1X lithium acetate/TE buffer) was 
added and kept at 30°C for 30-60 min. DMSO (43μl) was added prior to heat shock at 
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42°C for 5 minutes. This suspension was washed, resuspended in 50-75μl of ddH2O 
and plated on to the appropriate plate to allow growth. 
2.6 Yeast genomic DNA purification  
For obtaining genomic DNA, fresh cells were collected from agar plates and 
resuspended in 500μl 1XTE. Next, the cells were resuspended in 500μl of digestion 
buffer (1.2M Sorbitol, 0.1M EDTA,  1% β-mercaptoethanol, 2mg/mL Zymolyase (US 
Biological), 5mg/mL lysing enzyme (Sigma)) and kept at 37°C for 30 min. 
Spheroplasts thus obtained were resuspended in 450μl of lysis buffer (100mM NaCl, 
50mM EDTA, 50mM Tris, 50μl 10% SDS, 10ul of 20mg/mL Proteinase K 
(Finnzymes)) and treated for 45 min at 65°C. Cells were kept on ice for 10 min, 200μl 
5M potassium acetate mixed in and centrifuged at 13k rpm at 4°C for 30min. The 
DNA was precipitated from the supernatant by adding an equal volume of 
isopropanol. The DNA pellet was washed once with 70% ethanol, resuspended in 
50μl of warm sterile water after air drying the pellet. 
Alternatively, MasterPure™ Yeast DNA Purification Kit (Epicentre) was used as per 
the manufacturer’s instructions to obtain genomic DNA. 
2.7 Multi-copy suppressor screen of cps1-191 
Using S. pombe genomic library, pTN-L1 (Nakamura et al. 2001), suppressors for 
cps1-191 were identified. Briefly, mutant cells were transformed with the library 
plasmid and allowed to grow on minimal medium plates lacking leucine at 24°C. This 
was replica plated on to YES+Phloxin B plates at 34°C to select viable suppressed 
mutant colonies. This was done by identifying colonies that were lighter pink as 
compared to inviable mutant cell colonies that became dark pink through uptake of 
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PhloxinB at this temperature. Cells at 24°C from the suppressed colonies were 
selected for DNA extraction and sequenced with primer pairs MOH1207 and 
MOH1208 to identify potential genes that could rescue the mutant. Nine plasmids 
contained sbg1 gene, while four plasmids contained smi1 gene. To confirm that 
viability rescue of cps1-191 mutant was indeed by sbg1 and smi1, ORF of sbg1 and 
smi1 was cloned into pREP41 plasmid. This was again transformed into cps1-191 and 
rescue of cps1-191 upon overexpression of only sbg1 and smi1 was confirmed. 
2.8 Bacterial transformation 
For transformation of bacteria, calcium chloride treated competent cells of E. coli 
(XL1-Blue strain) were used. A volume of 100μl competent cells was mixed with 
plasmid / ligation products and kept on ice for 10-30 min. These were then heat 
shocked at 42°C for 1 min and plated onto LB agar plate with appropriate antibiotics. 
The plate was left at 37°C overnight. 
2.9 Cell biology 
2.9.15 Nuclear and septum / cell wall staining 
To fix cells, an appropriate amount of exponentially growing cells was mixed with 
3.7% formaldehyde and kept at the temperature of growth for 10 min. Cells were 
washed thrice with 1X PBS and resuspended in 50μl 1X PBS. These cells could be 
used directly to visualize septum / cell wall structures by staining with Aniline Blue 
(0.5μg/ml) or Calcofluor white (5 ug/ml). To visualize nuclei with DAPI staining 
(concentration 1μg/ml), the fixed cells were further permeabilized by treating with 
PBS buffer having 1% Triton-X 100 for 1-2 minutes. This was followed by three 
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washes with plain 1X PBS buffer. DAPI and aniline blue were dissolved in antifade 
(1mg/ml p- phenylenediamine dissolved in 50% glycerol).  
2.10 Microscopy 
2.10.16 Image acquisition 
For live cell imaging cells were collected by low speed centrifugation at 3,000 rpm 
for 1 min. A volume of 1.5µl from this suspension was spotted on to YES/selection 
media+2% agarose pad. The cells imaged at appropriate temperature after sealing the 
agarose pad with a cover slip using VALAP (Vaseline:lanolin:paraffin, 1:1:1). A 
complete enclosure incubation chamber with controlled temperature was used for 
acquiring images at higher temperatures. Confocal images were acquired at a 
microLAMBDA spinning disk (microLAMBDA). The spinning disk microscope is 
equipped with a Nikon ECLIPSE Ti microscope (Plan Apo Vc 100x/1.40 Oil 
objective lens) with a Yokogawa CSUX1FW spinning disk system and Photometrics 
CoolSNAP HQ2 camera. For excitation, Cobolt CalypsoTM 491 nm DPSS laser, 
Cobolt FandangoTM 405 nm DPSS laser and Cobolt JiveTM 561 nm DPSS laser were 
used. MetaMorph (v7.7.7.0) software controls the system. 
Bright field and epifluorescence images of either fixed or live cells were acquired 
using an Olympus IX71 microscope (PlanApo 100x/1.45 Oil objective lens) provided 
with a Photometrics CoolSNAP HQ CCD camera and used Metamorph software 
(Molecular Devices).  Epifluorescence images were acquired either in 2D or 3D mode 
(both with 0.5 µm step size).  
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2.10.17 Image analyses and data processing 
Images were analysed using multiple softwares - Metamorph (Molecular Devices), 
ImageJ (http://rsb.info.nih.gov/ij/), and Bitplane Imaris Software 8.1. 3D images 
obtained are represented as maximum-intensity projections in 2D. For time-lapse 
imaging, Z-stack images were collected at every time-point (0.5 µm step size and Z-
Volume of 13 μm). To fix for any drift along the XY planes, the stack files were 
registered in ImageJ “Plugins/StackReg/RigidBody”. Cells were analysed after 
rotating the region of interest to align the cells in a vertical manner. 
2.11 Transmission electron microscopy 
Cells were prepared for TEM as described elsewhere (Cortés et al. 2015; Konomi et 
al. 2003; Osumi and Sando 1969). Briefly, cells were fixed in 2% glutaraldehyde EM 
grade (GA; Electron Microscopy Science) in 50 mM phosphate buffer pH 7.2, 150 
mM NaCl (PBS) for 2 h at 4°C, post-fixed with 1.2% potassium permanganate 
overnight at 4°C. Cells were then embedded in 2% low-melting-point agarose, 
dehydrated through an ethanol series, and passed through QY-2 (methyl glycidyl 
ether; Nisshin EM, Tokyo, Japan). Next, cells were embedded in Quetol 812 mixture 
(Nisshin EM Tokyo, Japan). Ultrathin sections were stained in 4% uranyl acetate and 
0.4% lead citrate, and viewed with a TEM JEM-1400 (JEOL, Tokyo, Japan) at 100 
kV. 
2.12 Immunoprecipitation and immunoblot analysis 
Immunoprecipitation experiments were performed similar to that described earlier 
(Cortés et al. 2012). Briefly cells from indicated strains were collected and rinsed with 
stop solution (154 mM NaCl, 10 mM EDTA, 10 mM NaN3, and 10 mM NaF), 
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followed by wash buffer (50 mM Tris-HCl, pH 7.5, 5 mM EDTA). Cells were lysed 
with glass beads in lysis buffer (50 mM Tris-HCl pH 7.5, 200 mM NaCl, 5 mM 
EDTA with 100 µM phenylmethylsulphonylfluoride, 1mM benzamidine and protease 
inhibitors (Complete EDTA-free, Roche Diagnostics). Cell debris was cleared by 
centrifugation (4,500 g, 1 min, 4°C). Cell membranes were separated from the 
supernatant by centrifugation (16,000 g, 1 hr, 4°C). The cell membrane pellet thus 
obtained was resuspended in immunoprecipitation buffer (50 mM Tris-HCl, pH 7.5, 
200 mM NaCl, 0.5% Tween 20,   5 mM EDTA, 100 µM 
phenylmethylsulphonylfluoride, 1mM benzamidine and protease inhibitors), and 
mixed in a Thermomixer Comfort, Eppendorf (1,300 rpm, 30 min at 1°C). This 
supernatant from this suspension was collected by centrifugation (21,000 g, 30 min, 
4°C) and corresponded to the solubilized membrane protein fraction of the cell. The 
solubilized membrane proteins were diluted with immunoprecipitation buffer and 
incubated with antibody against GFP (Abcam) for 1 hr at 4°C. Sepharose protein A 
beads were added to this mix for 3 hr, later washed with immunoprecipitation buffer 
and boiled in sample buffer. Whole cell lysate and IPs were then resolved on 4%-20% 
gels (Biorad) transferred to Immobilon-P membrane (Millipore), blocked and 
immunoblotted using antibodies against GFP (1:2500, Abcam) or HA (1:5000, Roche 
Diagnostics). Peroxidase conjugated -rabbit or -mouse secondary antibodies (Jackson 
Laboratories) were used at 1:20000 dilutions. Signals were detected using enhanced 
chemiluminescence.  
2.13 Yeast two-hybrid  
Yeast two-hybrid analyses were performed as described (Geissler et al. 1996; Palani 
et al. 2012). Indicated genes or fragments were cloned into pMM5 and pMM6 
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plasmids. Plasmids were transformed into SGY37(MATa) and YPH500 (MATalpha) 
yeast strains.  
2.14 Analysis of membrane association of protein of interest 
Early-log phase S. pombe cells were collected and lysed with glass beads in lysis 
buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 10% glycerol) 
containing protease inhibitors. Buffers to test the association of Sbg1p with the 
membrane were based on those previously described (Harkins et al. 2001; Liu et al. 
1999). Briefly, cells were treated with buffer alone, or buffer with 1.6M urea or 5M 
NaCl (solubilizes peripheral membrane proteins), 0.1 M Na2CO3 (solubilizes 
intracellular vesicles), 4% Triton (solubilizes most membrane proteins), or 2% SDS 
(solubilizes all membrane proteins). Lysates were subjected to ultracentrifugation at 
maximal speed for 1 hr at 4°C. Supernatants and pellets were separated and boiled in 
sample buffer. SDS-PAGE and immunoblotting conditions were the same as for 
immunoprecipitation experiments. 
2.15 Labelling and fractionation of cell wall polysaccharides  
Cell wall analysis was performed as described previously (Ishiguro 1998; Pérez and 
Ribas 2004). Exponentially growing cells at 25ºC in minimal medium lacking leucine 
were diluted and supplemented with D-[14C] (3 µCi/ml), maintained at 25ºC for 24 hr 
or shifted to 34ºC for 16 hr. Harvested cells were mixed with unlabelled cells to 
function as carrier, rinsed twice with 1 mM EDTA, and resuspended in 1 mM EDTA. 
Two aliquots of cells were added to liquid scintillation cocktail and total [14C]glucose 
incorporation in the cells was assessed from this. Cell walls were purified from bead-
beaten lysed cells by repeated rinsing and differential centrifugation (with 1 mM 
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EDTA once, with 5 M NaCl twice, and with 1 mM EDTA thrice) at 1,500 g for 5 
min. The cell walls thus obtained were heated at 95°C for 30 min. The incorporation 
of [14C]glucose in the cell walls was determines. One part of samples was treated with 
6% NaOH for 60 min at 80°C. The galactomannan fraction was precipitated from the 
supernatant with Fehling´s reagent by addition of unlabelled yeast mannan (4 mg), as 
described formerly (Algranati et al. 1966). Four volumes of Fehling’s reagent were 
added to the sample and allowed to precipitate galactomannan overnight at 4°C. 
Pellets were obtained by centrifugation at 4,000 g for 10 min, solubilized in 6N HCl 
after washing with Fehling’s reagent and. The galactomannan fraction was 
determined from this after addition of 50 mM Tris-HCl, pH 7.5 by measuring the 
radioactivity in a scintillation counter (Perkin Elmer). Second part of cell wall 
suspensions was treated with Zymolyase 100T (AMS Biotechnology; MP 
Biomedicals) in 50 mM citrate-phosphate buffer, pH 5.6, for 24 h at 37°C, using 
untreated samples as control. Pellets from centrifugation were resuspended in 1 mM 
EDTA.  Liquid scintillation cocktail was added to this and radioactivity levels were 
determined with pellets representing the α-glucan fraction in the cell wall and 
radioactivity in the supernatant representing β-glucan and galactomannan fraction. 
Third part of cell wall suspension was incubated with Quantazyme (MP Biomedicals; 
Q-Biogene) in 50 mM potassium phosphate monobasic (pH 7.5), 60 mM β-
mercaptoethanol for 24 h at 37°C. Radioactivity of pellets was measured after 
centrifugation and this corresponded to cell wall without β-1,3-glucan fraction, while 
supernatant was considered as β-1,3-glucan fraction. β -1,6-glucan was calculated as 
total cell wall radioactivity minus radioactivity of galactomannan, α-glucan and β-1,3-
glucan. All determinations were performed in duplicates, with at least three 
independent replicates for each strain. 
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Chapter 3 Multi-copy suppressor screen for temperature-sensitive mutant cps1-
191 
3.1 Introduction 
The S. pombe β-glucan synthase, Bgs1p / Cps1p, is the catalytic subunit of the 
enzyme responsible for synthesizing linear β-1,3-glucan at the primary septum 
(Cortés et al. 2007). Bgs1p, an integral membrane protein, localizes to regions of 
active growth, such as cell ends and the division site in vegetative cells (Cortés et al. 
2002; Liu et al. 2002). Consistent with Bgs1p’s role in septum synthesis at the 
division site, it localizes at the actomyosin ring at the inner edge of the ingressing 
septum. As the actomyosin ring constricts, Bgs1p signal ingresses centripetally 
concomitant with deposition of the division septum.  
A temperature sensitive mutant of bgs1, cps1-191, carries a point mutation resulting 
in a change from aspartic acid at residue 277 to asparagine (Liu et al. 2002, 2000). 
The cps1-191 mutant has a defect in primary septum synthesis and arrests with two 
interphase nuclei with an unconstricted actomyosin ring at the restrictive temperature. 
Recent studies show that in the absence of division septum synthesis, the actomyosin 
ring is not properly anchored to the cell cortex and slides away from the cell middle 
(Arasada and Pollard 2014; Cortés et al. 2015; Muñoz et al. 2013). As anchorage of 
the actomyosin ring and its coupling to septum synthesis are crucial for successful 
cytokinesis, we speculated that there were other molecules that function together with 
Bgs1p in the septum synthesis process. This section discusses the identification of two 
novel genes, SPBP22H7.03 and smi1, which on multi-copy expression could rescue 
the mutant cps1-191. We named the gene, SPBP22H7.03 as sbg1 (suppressor of beta 
glucan synthase 1). The S. pombe database predicts Sbg1p to be a β-glucan synthesis 
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associated protein while Smi1p is predicted to be involved in cell wall biosynthesis / 
cell cycle regulation. 
3.2 sbg1 and smi1 are multi-copy suppressors of mutant cps1-191  
Multi-copy suppressor screens allow for identification of gene products that on 
overexpression rescue defects of temperature sensitive mutants (Forsburg 2001). 
Thus, we used a plasmid based multi-copy suppressor screen to identify proteins that 
could rescue cps1-191 at 34°C, a semi-restrictive temperature for cps1-191. The cps1-
191 cells were transformed with a S. pombe genomic library and were selected for 
growth at semi-restrictive temperature. The potential suppressors of cps1-191 were 
sequenced and identified using the S. pombe database PomBase (Wood et al. 2012). 
Two potential suppressors, sbg1 (9 hits) and smi1 (4 hits) were isolated in the screen. 
To determine the degree of growth suppression of cps1-191 cells by overproduction 
of Sbg1p and Smi1p, we serially diluted the following strains: wild type 
(wt)+pEmpty, cps1-191+pEmpty, cps1-191+pSmi1, cps1-191+pSbg1, and cps1-
191+pBgs1, and assayed the viability of these strains at different temperatures (24°C, 
33°C, 34°C and 36°C) (Figure 1a). The mutant strain, cps1-191+pEmpty, was 
inviable at all three temperatures of 33°C, 34°C and 36°C. Multi-copy expression of 
both smi1 or sbg1 rescued cps1-191 cells up to 34°C but not at 36°C, with better 
growth rescue by overproduction of Smi1p than Sbg1p. Thus, we concluded that 
overproduction of both, Smi1p or Sbg1p, could partially rescue the mutant cps1-191.  
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3.3 Multi-copy expression of smi1 or sbg1 improves septum synthesis and 
morphology of rescued cells 
Since the cps1-191 mutant is defective in primary septum synthesis, we stained the 
cell wall septum and nuclei with Aniline blue and DAPI, respectively, to examine the 
rescue phenotypes of cps1-191 mutant by overproduction of Sbg1p and Smi1p. Cells 
from strains wt+pEmpty, cps1-191+pEmpty, cps1-191+pSmi1, cps1-191+pSbg1 and 
cps1-191+pBgs1 were grown in selection media and shifted to 34°C for 16 hr (Figure 
1b and 1c). As expected, wt+pEmpty cells presented normal cylindrical morphology 
with septated cells having a uniform septum deposited in the cell middle and mutant 
cps1-191+pEmpty cells became round and enlarged, accumulated multiple nuclei and 
failed in septum synthesis at this temperature. Interestingly, overproduction of both 
Smi1p or Sbg1p rescued cps1-191 defects, with overproduction of Smi1p presenting a 
better rescue. There were 18%±3% binucleate cps1-191 cells with a septum, with 
very weak and irregular staining at the septum. The septated binucleate cell number 
rose dramatically to 45.1%±2% in rescued cps1-191+pSbg1 cells and 64.5%±3% in 
cps1-191+pSmi1 cells. The number of multinucleate cells reduced from 19.8%±1% 
in the cps1-191 mutant to only 7%±1% in rescued cps1-191+pSbg1 cells and 
2.5%±2% in cps1-191+pSmi1 cells. In conclusion, multi-copy expression of both 
smi1 or sbg1 promoted septum synthesis in mutant cps1-191 cells at the semi-
restrictive temperature. 
3.4 Sbg1p and Smi1p physically interact with Bgs1p 
We speculated if overproduction of Smi1p or Sbg1p rescued cps1-191 by a direct 
physical interaction with Bgs1p. To this end, we tested if Bgs1p physically interacts 
with Smi1p and Sbg1p in wild type cells by co-immunoprecipitation experiments. 
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Previous studies have identified physical interaction between Bgs1p and Ags1p, an α-
1,3-glucan synthase, and this interaction was used as a positive control for our 
experiment (Cortés et al. 2012). We immunoprecipitated GFP complexes from strains 
of the indicated genotypes (Figure 1d). These were resolved on SDS-PAGE gels and 
then tested for the presence of Bgs1p by Western blot. HA-Bgs1p was only observed 
in the immunoprecipitated complexes from the strain co-expressing GFP-Ags1p HA-
Bgs1p, strain co-expressing GFP-Sbg1p HA-Bgs1p and strain co-expressing Smi1p-
GFP HA-Bgs1p. No band for HA-Bgs1p was detected in any of the other strains used 
as control. Thus we established that indeed both Smi1p and Sbg1p physically 
interacted with Bgs1p. 
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Figure 1: Multi-copy expression of smi1 or sbg1 rescue temperature-sensitive mutant 
cps1-191 
(a) The viability of the strains of indicated genotypes was assayed. Cultures of the strains 
were grown overnight at 24°C, were serially diluted in two-fold steps and spotted on 
minimal media agar plates lacking leucine and kept at various growth temperatures. 
(b) Cells of indicated genotype were stained by Aniline blue and DAPI, and imaged at the 
medial plane. Cells were formaldehyde-fixed at 24°C and after shift to 34°C for 16 hr. 
(c) Quantification of cell numbers with different ploidy at 34°C after 16 hr for experiment 
described in (a). cps1-191+pEmpty vs cps1-191+pSbg1 septated binucleate cells : p-
value=0.001 (two-tailed T-test). (n=3, ≥200cells). 
(d) Bgs1p physically interacts with Sbg1p and Smi1p. Solubilized membrane proteins from 
the specified strains were immunoprecipitated (IP) with anti-GFP antibodies. 
Solubilized membrane proteins (input, top) and IP (bottom) were detected with 
monoclonal anti-HA antibodies. 
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3.5 Multi-copy expression of smi1 or sbg1 promotes retention of Cps1-191p at the 
division site 
In wild type cells, during interphase, Bgs1p concentrates to the cell poles whereas at 
mitosis, Bgs1p localizes to the cell division site (Cortés et al. 2002; Liu et al. 2002). 
However, it has been reported that the mutant protein Cps1-191p (product of cps1-
191), is largely retained at the ER and is observed as only a very faint signal at the 
cell middle, even at permissive temperature (Cortés et al. 2015). As both Smi1p and 
Sbg1p physically interacted with Bgs1p in wild type cells, we considered if multi-
copy expression of smi1 or sbg1 in cps1-191 cells could now promote relocalization 
of the mutant protein, Cps1-191p, to the cell middle after nuclear division. We 
imaged fixed cells from strains expressing GFP-Cps1-191p with pEmpty, pSmi1 or 
pSbg1 at 34°C after 6 hr (Figure 2a and 2b). Collected cells were stained with DAPI 
to demarcate binucleate cells. We observed that 41%±3% of binucleate mutant GFP-
Cps1-191p+pEmpty cells failed to show medial localization of this protein. In 
contrast, multi-copy expression of sbg1 facilitated 80%±7% of binucleate cells to 
localize the mutant protein to the division site. Also, multi-copy expression of smi1 
showed 95%±1% of binucleate cells to localize the mutant protein to the division site. 
We inferred that overproduction of both Smi1p or Sbg1p facilitated better retention of 
Cps1-191p at the cell middle. Another possibility is that \Smi1p/ Sbg1p could 
promote enhanced transport and targeting of the mutant protein to the division site. 
3.6 Multi-copy expression of smi1 or sbg1 improves the quality of the septum 
formed in rescued cells 
The β-glucan synthase Bgs1p deposits linear β-1,3-glucan at the division septum. Our 
results showed that overproduction of Smi1p or Sbg1p promoted medial retention of 
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Cps1-191p and improved septum synthesis in cps1-191 mutant cells. We speculated if 
the septum synthesized in the rescued cells could better incorporate linear β-1,3-
glucan, the product of Bgs1p. The fluorophore, Calcofluor White (CW), has been 
shown to bind specifically to β-1,3-glucan at the division septum (Cortés et al. 2007). 
A measure of the amount of linear β-1,3-glucan can thus be determined by assessing 
the fluorescence intensity of Calcofluor white (CW) staining at the septum. To this 
end, cells were stained with CW after shift to 34°C for 16 hr (Figure 2c and 2d). The 
fluorescence intensity of CW was compared between two strains with one of them 
being also labelled with FITC-concanavalin A (binds to galactomannan layer of 
cells). Using ImageJ, fluorescence intensity was determined as arbitrary units and the 
final value is presented as intensity normalized to the length of the septum. Strains of 
different genotypes were all compared to mutant cps1-191+pEmpty strain, whose CW 
fluorescence intensity was set to 100% and used as a reference in all combinations of 
analyses. Fluorescence intensity was much higher in wt+pEmpty cells at 270% 
relative to that of mutant cps1-191+pEmpty cells. Interestingly, fluorescence intensity 
of CW was higher in rescued cells, with cps1-191+pSbg1 cells having an intensity of 
118% relative to that of mutant cells and cps1-191+pSmi1 with an intensity of 
131.7% relative to that of mutant cells. With this analysis we concluded that upon 
overproduction of Sbg1p and Smi1p, cps1-191 cells could synthesize a septum that 
was more enriched in linear β-1,3-glucan, the product of Bgs1p, thus facilitating 
septum progression and completion. 
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Figure 2: Multi-copy expression of smi1 or sbg1 corrects septum synthesis defect of 
cps1-191 
(a) Maximum Z projection images from spinning disk confocal images of indicated strains 
after 6 hr at 34°C. Cells were fixed and stained with DAPI to identify binucleate cells. 
(b) Quantification for the presence or absence of medial GFP-Cps1-191p localization at 
34°C for experiment in (d). (n=3, ≥340cells). 
(c) Calcofluor white (CW) images of medial plane of the indicated strains after 16 hr at 
34°C, with one strain also stained with Concanavalin A (ConA) conjugated with FITC 
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(labelled strain indicated with an asterisk*). A-D refer to the different combinations 
analysed and are stated in the figure. Performed by Dr. Juan Carlos Ribas’s lab. 
(d) Quantification of Calcofluor white fluorescence intensity for experiment done in (c). 
Percentage of PS fluorescence intensity normalized to septum length of each strain 
compared to that of cps1-191+pEmpty strain, which was assigned a value of 100%. 
(n≥24cells). 
Scale bar 5μm. Error bars indicate S.D. 
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3.7 Cell wall structures are improved in rescued cells 
We next wanted to check if the division septum deposited in the rescued cells showed 
the presence of primary septum by sectioning cells and imaging the division septum 
with a transmission electron microscope (TEM). TEM images allow for a more 
detailed assessment of the cell wall ultrastructure. Similar to previous experiments, 
cells were shifted to 34°C for 16 hr in selection medium and processed further for 
electron microscopy. The division septum in wt+pEmpty was a clear three-layered 
structure (Figure 3a). In addition, invaginating septa were also very well defined in 
their shape and size, with a narrow front and a proportionate septum base. A straight 
primary septum could be detected in the invaginating division septum of wild type 
cells. Mutant cps1-191+pEmpty cells displayed very thick division septa with 50% of 
septated cells depositing only secondary septa (Figure 3b). The phenotype of only a 
thick secondary septum lacking a primary septum in the division septum in these cells 
is similar to that described earlier for septated cells with repressed bgs1 expression 
(Cortés et al. 2007). Septated cps1-191+pEmpty cells in which a primary septum 
could be detected, displayed a very twisted and discontinuous primary septum. 
Septum rudiments and invaginating septa in the mutant cells were wedge-shaped, 
having a blunt front and a very broad base lacking the primary septum. On the 
contrary, rescued cps1-191+pSbg1 and cps1-191+pSmi1 septated cells were now 
capable of primary septum synthesis (Figure 3c and 3d). 60% of cps1-191+pSbg1 
septated cells and 65% of cps1-191+pSmi1 septated cells displayed a straight rigid 
primary septum in the division septum. Further, only 30% of cps1-191+pSbg1 
septated cells and 25% of cps1-191+pSmi1 septated cells synthesized an irregular 
primary septum. In both of the rescued strains, the septum rudiments and invaginating 
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septa were also improved, being much narrower than that of the mutant and displayed 
presence of primary septum. Thus, indeed overproduction of Smi1p or Sbg1p resulted 
in improved primary septum synthesis in the mutant cps1-191 at 34°C. 
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Figure 3: Multi-copy expression of smi1 or sbg1 improves cell wall structures of cps1-
191 
Transmission electron microscopy images of the indicated strains after 16 hr at 34°C. 
The bottom panel of each image shows the division septum at a higher magnification. 
Blue arrows indicate presence of primary septum in cps1-191 cells upon multi-copy 
expression of smi1 or sbg1. Performed by Dr. Masako Osumi’s lab. 
Scale bar: 1µm. 
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3.8 Overproduction of Smi1p or Sbg1p improve cell wall compositions of mutant 
cps1-191 
We considered that the improvements we observed in the cell wall ultrastructures in 
the TEM images, could be an outcome of alterations in cell wall composition. Thus, 
we sought to determine potential alterations in cell wall composition in cps1-191 
mutant on overproduction of Sbg1p and Smi1p. At 34°C, cps1-191+pEmpty cells 
revealed a significant increase in the amount of total cell wall in general and also an 
increase in the individual polymer levels of α-1,3-glucan and -1,6-glucan as 
compared to wild type cells (Figure 4). In yeast, cell wall mutants typically 
compensate for their cell wall defects by an upregulation of other cell wall 
components, commonly α-glucan (Cortés et al. 2007, 2012; Free 2013; Levin 2011; 
Muñoz et al. 2013). Further, mutant cps1-191 cells displayed a much lower amount of 
-1,3-glucan (87% of wild type) at 24°C, which reduced further at 34°C (81% of wild 
type). Interestingly, the -1,3-glucan amount was slightly increased upon multi-copy 
expression of both sbg1 and smi1 in cps1-191 cells, at 24°C and 34°C. In fission 
yeast, the total β-1,3-glucan content in the cell wall is produced from at least three β-
glucan synthases, Bgs1p, Bgs3p and Bgs4p. We speculate that we observe only a mild 
increase in β-1,3-glucan levels as overproduction of Smi1p or Sbg1p may only 
contribute to the Bgs1p-produced linear -1,3-glucan deposited at the primary 
septum, which makes up only a very small fraction of the total -1,3-glucan in the cell 
wall. Nonetheless, analysis of the cell wall composition further reinforced the notion 
that multi-copy expression of sbg1 and smi1 resulted in better septum synthesis by 
increasing β-1,3-glucan synthesis. Also, the rescue of cps1-191 mutant by smi1, in 
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terms of cell wall composition, was slightly better than the rescue by multi-copy 
expression of sbg1. 
3.9 Actomyosin rings are less stably anchored in cps1-191 mutant cells 
The initial study on cps1-191 mutant cells showed that the mutant had defects in 
primary septum synthesis and arrested as a binucleate cell with an unconstricted ring 
(Liu et al. 1999). Visualizing the actomyosin ring with advanced microscopic 
techniques and by supplementing the growth medium with sorbitol, showed that in 
cps1-191 cells the anchorage of the actomyosin ring is also affected (Arasada and 
Pollard 2014; Cortés et al. 2015). It is hypothesized that in the absence of the firm 
rigidity provided by the ingressing septum, the actomyosin rings become less stably 
anchored to the cortex. This results in the rings disassembling or sliding towards one 
cell end. To assess this defect in ring anchorage, cps1-191 Rlc1p-GFP (an actomyosin 
ring protein) Pcp1p-GFP (a spindle pole body protein) cells were shifted to 36°C for 2 
hr and time-lapse movies were acquired (Figure 5). We observed around 21% of 
mutant cells had a defect in anchoring their actomyosin rings at the cell middle and 
the rings slid away towards one cell end.  Such a defect was not observed in wild type 
cells imaged under the same conditions. 
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Figure 4: Multi-copy expression of smi1 or sbg1 improves cell wall composition of 
cps1-191 
Cell wall fractionation values of the indicated strains at 24°C and after 16 hr at 34°C. 
Numbers in parentheses indicate percentage of each component in total cell wall. 
Performed by Dr. Juan Carlos Ribas’s lab. 
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Figure 5: Actomyosin ring dynamics in wild type cells and cps1-191 cells 
(a) Time-lapse imaging of a contracting actomyosin ring in wt Rlc1p-GFP Pcp1p-GFP 
after 2 hr at 36°C. The montage is produced by maximum Z projection of spinning disk 
confocal images. 0min indicates time of spindle pole body duplication. Green, Rlc1p-
GFP Pcp1p-GFP. (n=2, ≥10cells) 
(b) Time-lapse imaging of a sliding actomyosin ring in cps1-191 Rlc1p-GFP Pcp1p-GFP 
after 2 hr at 36°C. The montage is produced by maximum Z projection spinning disk 
confocal images. Average no of cells with sliding rings: 20.8%±5.9% (n=2, ≥30cells). 
0min indicates time of spindle pole body duplication. Green, Rlc1p-GFP Pcp1p-GFP. 
Scale bar: 5µm. 
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3.10 Multi-copy expression of smi1 or sbg1 rescues actomyosin ring contraction 
defects of cps1-191 cells 
A division septum is deposited coupled to actomyosin ring contraction in fission 
yeast. The mutant cps1-191 presents a defect in primary septum synthesis, with an 
inability to constrict the assembled actomyosin ring. As high dosage of Sbg1p or 
Smi1p result in survival of cps1-191 mutant, we speculated if the ring dynamics are 
improved in the rescued cells. To this end, we compared the time taken for ring 
constriction (time from a fully assembled ring till complete ring constriction) in wild 
type cells with pEmpty and cps1-191 cells with pEmpty, pSmi1 or pSbg1 (Figure 6a). 
All strains expressed Rlc1p-GFP to visualize the actomyosin ring and Pcp1p-GFP to 
detect mitotic progression. Cells were grown in selection medium to allow for 
plasmid retention and shifted to 34°C for 3.5 hr. We observed wild type cells with 
pEmpty to constrict their rings in an average of 20 minutes. We observed that at the 
temperature of 34°C, cps1-191 mutant cells can still constrict their actomyosin ring 
albeit slowly. As such the cells were seen to take an average of 60 minutes for ring 
constriction while some cells were even slower taking up to 80 minutes. In contrast, 
rescued cps1-191 cells with pSmi1 or pSbg1 took on an average of only 30 minutes, 
which was only slightly longer than wild type cells at this temperature. All these data 
suggested the rings were stabilized in the rescued cells. We believe that 
overproduction of both Smi1p or Sbg1p could mend septum assembly / structure in 
cps1-191 cells and this could possibly result in improved ring dynamics and 
constriction of the actomyosin ring. 
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Figure 6: Improved actomyosin ring dynamics in cps1-191 cells upon multi-copy 
expression of smi1 or sbg1. 
(a) Time-lapse images of actomyosin ring in the indicated strains after 3.5 hr at 34°C. 
The montage is produced by maximum Z projection of spinning disk confocal 
images.  0min indicates time of spindle pole body duplication. Green, Rlc1p-GFP 
Pcp1p-GFP. 
(b) Quantification for the time taken (in minutes) for the actomyosin ring to constrict 
in the indicated strains. 
Scale bar 5μm. Error bars indicate S.D. 
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3.11 Discussion 
In this chapter we described the identification of two suppressors for the septum 
synthesis defective mutant cps1-191. The mutant cps1-191 presents two defects – an 
inability for proper actomyosin ring constriction and an inability to deposit a proper 
division septum at the restrictive temperature. In our studies, we identified two 
previously uncharacterized genes, smi1 or sbg1, via a multi-copy suppressor screen. 
Both these genes suppressed the colony formation defect of cps1-191 at 34°C, a semi-
restrictive temperature for the mutant. Upon analysis of the rescue of cps1-191 cells, 
we observed the rescue to be at multiple levels. The suppressors, smi1 or sbg1, 
enabled an improvement in general cell morphology and also in the ability of cells to 
synthesize a division septum. By comparing the intensity of Calcofluor white staining 
at the division septum, we observed an increase in the fluorescence intensity of the 
stain in the rescued cells. We were thus able to derive that the rescued cells 
synthesized a septum of a better quality than that of the mutant cells. To analyse the 
septum structure in more detail, we analysed the cells by transmission electron 
microscopy. Images showed a major improvement in the division septum – the 
division septum was better defined with a large number of suppressed cells showing 
the presence of the primary septum in the division septum. In addition the 
surrounding cell wall was much narrower in the suppressed cells as well.  
To assess the rescue in quantitative terms, we also determined the cell wall 
composition of the mutant and rescued cells at 34°C. We observed much higher levels 
of α-glucan, β-1,6-glucan and galactomannan levels and reduced levels of β-1,3-
glucan in the mutant cells compared to wild type cells. Such an increase in the other 
cell wall components is a hallmark of cell wall mutants as a compensatory 
mechanism. The overproduction of suppressor gene products resulted in a decrease in 
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α-glucan, β-1,6-glucan and galactomannan levels with a simultaneous increase in β-
1,3-glucan levels. We note that the increase in β-1,3-glucan levels are not dramatic. 
The primary septum component contributes to a small proportion of the total β-1,3-
glucan levels in the cell. As the suppression of cps1-191 mutant cells is potentially 
mainly at the primary septum component, the levels of β-1,3-glucan at a cellular scale 
would not change much. We considered two possibilities - the rescue of cps-191 cells 
was a result of overproduction of Smi1p / Sbg1p independent of Bgs1p’s septum 
synthesis activity or that the overproduction of Smi1p / Sbg1p enabled Bgs1p’s 
activity for septum synthesis. Our results showing localization of GFP-Cps1-191p to 
the division site in the rescued cells showed that the rescue was more likely by an 
enhanced activity of Bgs1p upon overproduction of Smi1p or Sbg1p. In addition we 
observed physical interaction of Smi1p / Sbg1p with Bgs1p. 
Actomyosin ring constriction and division septum synthesis are coupled events during 
S. pombe cytokinesis. We observed an improvement in actomyosin ring dynamics 
concomitant with the improvement in septum synthesis ability in the suppressed cells. 
The time taken for actomyosin ring constriction in the suppressed cells was around 10 
minutes longer than wild type cells under the same growth conditions. 
In conclusion, we observed suppression of various defects presented in cps1-191 cells 
upon overproduction of Smi1p or Sbg1p. The following two chapters will provide 
further characterization of the two newly identified genes. 
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Chapter 4  Characterization of Sbg1p 
4.1 Introduction 
Sbg1p, the gene product of SPBP22H7.03 or sbg1, is a small protein predicted to be 
20kDa in size. It is predicted to contain a single transmembrane domain and the S. 
pombe database suggests the protein belongs to the SKN1 family of proteins (Figure 
7a). On a BLAST search for homologs of Sbg1p, the protein shows high similarity to 
predicted β-glucan synthesis associated proteins from other Ascomycetes fungi (e.g. 
Schizosaccharomyces japonicus, Appendix I). 
Literature search for SKN1 family proteins points towards research from 
Saccharomyces cerevisiae. However, the budding yeast Skn1 protein has very little 
similarity with S. pombe Sbg1p. In budding yeast, Skn1p also has a paralog Kre6p, 
and together these two integral membrane proteins are functionally redundant with the 
double mutant skn1Δ kre6Δ being synthetic lethal (Roemer et al. 1993). Mutant skn1Δ 
does not display any severe phenotype thus it is believed that Kre6p has a bigger 
contribution to cell wall synthesis as compared to Skn1p (Kurita et al. 2012). Skn1p 
was indeed identified as a multi-copy suppressor for kre6Δ cells (Roemer et al. 1993). 
In the absence of Kre6p, there is a reduction in the levels of both β-1,3-glucan and β-
1,6-glucan synthesis (Roemer and Bussey 1991). Kre6p is largely localized to the ER 
with a small pool also localizing to secretory compartments and to the plasma 
membrane in emerging buds (Kurita et al. 2011). In addition, the transport from the 
ER to the plasma membrane is essential for the functional activity of Kre6p in glucan 
synthesis (Kurita et al. 2011). A number of ER-resident proteins, Rot1, Keg1 etc., are 
essential in the correct folding and transport of Kre6p to the PM (Kurita et al. 2012). 
There is very limited work done on Skn1p. A study has suggested that Skn1p might 
be involved in sphingolipid biosynthesis (Thevissen et al. 2005). In the absence of 
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Skn1p, yeast cells are unable to synthesize the complex sphingolipid mannosyl 
diinositolphosphoryl ceramide (M(IP)2C) and in turn confers resistance to the 
antifungal plant defensin DmAMP1 (Dahlia merckii antimicrobial peptide) 
(Thevissen et al. 2005).   
 
In the following section we aimed to characterize and study the role of Sbg1p in 
cytokinesis and to understand how overproduction of Sbg1p might possibly rescue the 
mutant cps1-191. We show Sbg1p, an essential integral membrane protein, localizes 
to the division septum during cell division. We also isolated a temperature sensitive 
(ts) mutant for Sbg1p which shows cell wall defects similar to cps1-191. The 
characterization of the ts mutant of Sbg1p also revealed a role for Sbg1p in 
maintaining actomyosin ring integrity and efficient septum synthesis in association 
with other proteins.  
4.2 Localization of Sbg1p 
To better appreciate the role of Sbg1p in cytokinesis, we aimed to determine the 
localization of Sbg1p in wild type cells. Thus, we introduced a GFP-tag at the N-
terminus of the protein by marker fusion tagging (Lai et al. 2010). This strain was 
further crossed to mCherry-Atb2p (tubulin marker to identify cell cycle stage) (Figure 
7c). We observed enrichment of Sbg1p at the old end immediately after cell division 
(Figure 7b), followed by localization of Sbg1p at both the cell ends. Following 
nuclear division, Sbg1p also localized to the medial cortex, as a ring initially, which 
later gradually ingressed as a faint disc. Sbg1p was also observed at the nuclear 
envelope / ER. It is possible that this pool of Sbg1p was being synthesized and 
transported to the plasma membrane. On imaging GFP-Sbg1p with the actomyosin 
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ring marker protein, Rlc1p-tdTomato, we observed Sbg1p signal to be more intense at 
the edge of the septum, partially overlapping the actomyosin ring as the cell 
underwent septation (Figure 7d).  
4.3 Sbg1p is an integral membrane protein  
The PomBase database suggests that Sbg1p contains a single membrane spanning 
domain at the C-terminus extending from amino acid residues 150-172. To test if 
Sbg1p was an integral membrane protein, we used an approach as described in 
Harkins et al. (Harkins et al. 2001). In brief, using salts or detergents with differential 
membrane solubility, it is possible to decipher the association of the protein of interest 
with different kinds of cellular membranes. Treatment of cells with Urea or NaCl 
solubilizes peripheral membrane proteins. Similarly, treatment with Na2CO3 
solubilizes intracellular vesicles, while TritonX-100 releases most of membrane 
proteins. However, it is only upon treatment with SDS that integral membrane 
proteins are released in to the supernatant. Here, we used a strain expressing GFP-
Sbg1p and HA-Bgs1p to analyse the protein-membrane associations. Bgs1p contains 
14 to 16 transmembrane domains and has been established as an integral membrane 
protein using this method (Liu et al. 2002). Cell lysates were treated in the various 
manners described above. The lysates were fractionated into soluble supernatant and 
insoluble pellets by ultracentrifugation. The supernatant and pellet protein fractions 
from each treatment were then resolved on SDS-PAGE, and immunoblotted to detect 
Bgs1p and Sbg1p (Figure 7e). Similar to Bgs1p, Sbg1p was detected in the 
supernatant fraction only upon treatment with SDS, confirming Sbg1p to be an 
integral membrane protein.  
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4.4 The transmembrane domain of Sbg1p is essential for its ability to rescue 
cps1-191  
Given that Sbg1p is an integral membrane protein, we sought to determine if the 
transmembrane domain of Sbg1p was essential for its ability to rescue mutant cps1-
191. We generated the strain cps1-191 carrying pSbg1-TMΔ (deletion of TM domain 
on pSbg1 plasmid). The growth of cps1-191 cells expressing pSbg1-TMΔ was tested 
at different temperatures (Figure 7f). Interestingly, pSbg1-TMΔ could not rescue 
cps1-191 cells at 34°C, where the full length Sbg1p protein could confer rescue of 
cps1-191 cells. Thus the integration of Sbg1p at the plasma membrane is essential for 
its ability to rescue cps1-191. 
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Figure 7: Characterization of Sbg1p 
(a) Schematic depicting protein domains of Sbg1p. 
(b) Enrichment of Sbg1p at the old cell ends (depicted by yellow asterisks here) after cell 
separation. 
(c) Time-lapse imaging of the indicated strain. The montage is produced by maximum Z 
projection of spinning disk confocal images. Green, GFP-Sbg1p. Red, mCherry-Atb2p. 
0min indicates early mitosis as judged by a short microtubule spindle. 
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(d) Time-lapse imaging of the indicated strain. The montage is produced by maximum Z 
projection of spinning disk confocal images. Green, GFP-Sbg1p. Red, Rlc1-tdTomato 
Pcp1p-mCherry. 0min marks indicates early mitosis as judged by duplication of Pcp1p 
signal. 
(e) Sbg1p is an integral membrane protein. Cells were treated with lysis buffer 
supplemented with the indicated chemicals, subjected to ultra-centrifugation and 
supernatant (S) and pellet (P) fractions from each treatment were resolved on SDS-
PAGE gels, immunoblotted using monoclonal anti-HA and anti-GFP antibodies. WCL: 
whole cell lysate. 
(f) Spot assay comparing the viability of the strains of indicated genotypes. Cultures of the 
strains were grown overnight at 24°C, were serially diluted in two-fold steps and 
spotted on minimal media agar plates lacking leucine and kept at various growth 
temperatures. 
Scale bar 5m. 
 
 
  73 
4.5 Localization of Sbg1p and Bgs1p is closely associated 
Sbg1p localizes to the vicinity of the actomyosin ring, and physically interacts with 
Bgs1p. To determine if Sbg1p localized to the membrane in the vicinity of septum 
region like Bgs1p, we imaged cells co-expressing GFP-Sbg1p tdTomato-Bgs1p. 
Sbg1p and Bgs1p localized to same cell ends and were observed at the cell middle at 
cytokinesis (Figure 8a). In conclusion, indeed Sbg1p localized to the membrane at the 
septation site, and its localization was strongly correlated with that of Bgs1p.  
4.6 Functional Bgs1p is required for correct localization of Sbg1p to the division 
site 
Our results established a functional collaboration between Sbg1p and Bgs1p for 
efficient septum synthesis. We considered that Sbg1p and Bgs1p could potentially 
function together in a single glucan synthase complex. As such, we investigated 
localization of Sbg1p when Bgs1p function was compromised in the bgs1 ts mutant, 
cps1-191. Whereas GFP-Sbg1p localized at the division site upon nuclear division in 
wild type cells, the medial localization of GFP-Sbg1p was affected in mutant cps1-
191 cells at the restrictive temperature of 36°C. Thus, functional Bgs1p is required for 
medial localization of Sbg1p, consistent with the association of Bgs1p and Sbg1p in a 
complex. 
  74 
 
Figure 8: Sbg1p and Bgs1p are functionally associated 
(a) Time-lapse imaging of the indicated strain. The montage is produced by maximum Z 
projection of spinning disk confocal images. Green, GFP-Sbg1p. Red, tdTomato-
Bgs1p. 0min marks early mitosis as judged by Sbg1p signal at nuclear periphery. 
(b) Functional Bgs1p is required for recruitment of Sbg1p to the cell middle. Time-lapse 
imaging of the indicated strain after 3 hr at 36°C. The montage is produced by 
maximum Z projection of spinning disk confocal images. An inverted LUT was used to 
present Sbg1p fluorescence. 
Scale bar 5μm. 
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4.7 sbg1 is essential for cell viability 
To understand the role of Sbg1p in cytokinesis, we aimed at generating a null strain 
for sbg1. sbg1 is an essential gene based on a genome-wide deletion report and the S. 
pombe database PomBase (Hayles et al. 2013; Kim et al. 2010; Wood et al. 2012). 
Thus, we obtained a heterozygous diploid which expressed one wild type copy of 
sbg1+ and the other copy of sbg1 was deleted for the gene conferring resistance to 
geneticin. We confirmed the deletion by sequencing and detected a replacement of 
amino acid residues 28 to 173 with the gene conferring resistance to geneticin. Upon 
tetrad analysis of diploid sbg1:kanMX/sbg1+, we observed that among the four 
spores segregated from each ascus, only two spores were viable (Figure 9a). This 2:2 
growth confirmed that the sbg1+ gene was essential for viability. We also replicated 
this plate to YES+G418 plates to confirm that the colonies that were growing were 
indeed wild type sbg1+ colonies. Further, a 2:2 growth pattern was also detected on 
plates supplemented with osmotic stabilizer, sorbitol, which is able to partially 
suppress weaker cell wall defects for some mutants. 
The spores from diploid sbg1:kanMX/sbg1+ were released and germinated in rich 
medium with or without G418 selection. After 30 hr of inoculation, the rich medium 
displayed normal wild type cells and mutant cells, while the selection growth medium 
displayed only mutant cells. The cells germinated from sbg1:kanMX spores were 
round in morphology and accumulated multiple nuclei (judged by DAPI staining) 
without any obvious septum deposition (judged by Aniline Blue staining). At this 
time point, cell lysis was occasionally observed (3%), with increased cell lysis as time 
progressed (Figure 9b). In conclusion, sbg1 presents a general cell wall defect along 
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with an inability to synthesize a division septum, which is similar to that described 
previously for bgs1 (Cortés et al. 2007; Liu et al. 1999).   
4.8 Unstable actomyosin rings in sbg1  
Recent studies show that division septum synthesis is tightly coupled to actomyosin 
ring constriction (Arasada and Pollard 2015; Cortés et al. 2012, 2015; Demeter and 
Sazer 1998; Christian Fankhauser et al. 1995; Ge and Balasubramanian 2008; Martín-
García et al. 2014; McDonald et al. 2016; Muñoz et al. 2013; Roberts-Galbraith et al. 
2009). The division septum functions an anchor for the actomyosin ring, positively 
influencing the integrity of the actomyosin ring. Our findings, thus far, established 
that Sbg1p cooperated with Bgs1p in septum synthesis and was essential for division 
septum synthesis. We investigated if this septum synthesis defect in sbg1Δ was a 
result of a defective actomyosin ring. To this end, we imaged the actomyosin ring 
(labeled by Rlc1p-GFP) and microtubules (labeled by mCherry-Atb2p) in germinating 
sbg1Δ spores. The assembly of actomyosin rings was normal in the absence of Sbg1p; 
however the actomyosin ring and spindle disassembled over time in 72% sbg1Δ 
Rlc1p-GFP mCherry-Atb2p cells without ring constriction and septum deposition 
(Figure 9c). Wild type spores expressing Rlc1p-GFP mCherry-Atb2p, assembled and 
constricted normal actomyosin ring (Figure 9c). Our results suggest that Sbg1p is 
required for the maintenance of actomyosin rings and division septum synthesis, and 
it is likely that the failure of septum synthesis results in the disassembly of 
actomyosin rings. 
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4.9 Aberrant localization of Bgs1p in sbg1 
We had established in Section 4.6 that functional Bgs1p is required for the correct 
localization of Sbg1p. We considered if correct localization of Bgs1p was also 
dependent on Sbg1p. To this end, diploid sbg1Δ/sbg1+ expressing GFP-Bgs1p and 
mCherry-Atb2p was sporulated and inoculated in medium with G418 (to select for 
sbg1Δ) and without G418, in parallel (Figure 9d and 9e). Localization of GFP-Bgs1p 
was determined in late anaphase cells (with a long spindle) at which point Bgs1p can 
be detected at the cell middle in wild type cells. Germinating wild type spores with a 
long spindle showed medial localization of Bgs1p. However, the medial localization 
of Bgs1p at the division site was affected in germinating sbg1Δ spores. In sbg1Δ 
spores, GFP-Bgs1p mislocalized to either one cell end or was present as punctae 
throughout the cell. Thus, we conclude that the localization of both Sbg1p and Bgs1p 
is co-dependent. Further, the failure to localize Bgs1p to the cell middle, lack of 
functional Sbg1p and firm support from an ingressing septum, could altogether be 
responsible for the dismantled actomyosin rings observed in sbg1Δ cells. 
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Figure 9: sbg1 is essential for cell viability 
(a) Tetrad dissection analysis of diploid sbg1Δ/sbg1+ showing 2:2 growth and cell death 
on YES plates. Images show phenotype of multinucleated lethal cells from 
germinated sbg1Δ spores. 
(b) Quantification for phenotype observed in sbg1Δ germinated spores. 
(c) Actomyosin ring dynamics in wt and sbg1Δ germinated spores. Images are presented 
as maximum Z projection of spinning disk confocal images of germinated cells of the 
indicated genotype acquired 30 hr post inoculation. Green, Rlc1p-GFP. Red, 
mCherry-Atb2p. 
(d) Localization of Bgs1p in wild type and sbg1Δ germinated spores, acquired 30 hr post 
inoculation. Images are presented as maximum Z projection of spinning disk confocal 
images of germinated cells of the indicated genotype. Green, GFP-Bgs1p. Red, 
mCherry-Atb2p. 
(e) Quantification for the experiment described in (d). 
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4.10 Isolation of the temperature sensitive mutant sbg1-3 
It was possible that Sbg1p was not required for vegetative growth, but only for spore 
germination. To address this caveat, we sought to generate a temperature sensitive 
mutant of sbg1. This would allow for conditional manipulation of sbg1 gene. We used 
the marker reconstitution mutagenesis technique to isolate a temperature sensitive 
mutant of sbg1 (Tang et al. 2011). This technique allowed us to introduce mutations 
in sbg1 by transforming the yeast strain with PCR fragments generated by mutagenic 
PCR (more details in Materials and Methods 2.2.10). We selected colonies which 
grew at 24°C but stained dark pink on replicating to plates supplemented with Phloxin 
B at 36°C. From the plate at 36°C, we identified one such mutant, sbg1-3, which 
displayed slightly rounded cells with anomalous division septum. By DNA 
sequencing, we identified a mutation that was predicted to change a conserved 
asparagine residue at position 147 to isoleucine (Figure 10a). This mutation was at the 
boundary of the transmembrane domain. We further backcrossed the mutant to the 
parental strain thrice to confirm that the marker and the mutation were tightly linked. 
4.11 Mutant sbg1-3 deposits aberrant division septa 
To analyse the effect of the sbg1-3 mutation, mutant cells were cultured in rich 
medium and shifted to 36°C for 6 hr. Division septum of mutant cells was compared 
to that of wild type cells, by staining fixed cells with aniline blue (Figure 10b and 
10c). Wild type cells were cylindrical and maintained a normal septum disk structure 
at 36°C. However, sbg1-3 mutant cells showed aberrant septa (~10%) at 36°C – 
which were wavy, split to varying degrees or sometimes showed a double septum. 
Other cells were seen to remain paired after septation (18%), suggesting that an 
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improper division septum had been assembled that could not be completely resolved. 
Also, cell death was observed (~8%), with most cells dying at the separation stage in 
a V shape.  
4.12 Cell wall fractionation analysis of temperature sensitive mutants sbg1-3 and 
cps1-191 
We considered that the septum defects observed in sbg1-3 cells could be a 
consequence of an altered cell wall composition in sbg1-3 mutant. Thus, we sought to 
study the cell wall defects presented by cps1-191 and sbg1-3 mutants at 36ºC by cell 
wall fractionation analysis (Figure 10d). Cell wall compositions of the two mutants 
were analyzed at different times after shift to 36ºC because of the difference in the 
strength of both the mutations. The mutant cps1-191 shows a much stronger defect as 
early as 5 hr where a high percentage of cell lysis can be observed. We thus collected 
cells at 4.5 hr after shift up. On the other hand, sbg1-3 cells were collected only after 
24 hr at 36ºC. To our surprise, both the mutants showed alterations in the same cell 
wall components. Both the mutants presented a decrease in the -1,3-glucan levels 
(72% in cps1-191 and 75% in sbg1-3). To compensate for cell wall defects, mutants 
increase the levels of other cell wall components to maintain the integrity of the cell 
wall. As such, α-1,3-glucan levels were increased in both the mutants with cps1-191 
at 172% and sbg1-3 at 156%. Consistently there was an increase in -1,6-glucan 
levels as well with cps1-191 at 216% and sbg1-3 at 233%. In addition, both mutants 
showed a decrease in galactomannan levels (51% in cps1-191 and 55% in sbg1-3). 
The difference between the analyses for the two mutants was in the increase of cell 
wall amount, which was much higher in sbg1-3 after 24 hr at 36ºC (47% versus 36%). 
This increase in cell wall of sbg1-3 would be expected because of the longer culture 
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time. We propose that the strong correlation between the cell wall alterations 
observed for both the mutants suggests that Bgs1p and Sbg1p function in a very 
similar pathway in cell wall synthesis. There is a possibility that Bgs1p and Sbg1p 
together form a single enzymatic complex that is involved in linear -1,3-glucan 
synthesis at the primary septum. 
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Figure 10: Isolation of a temperature sensitive mutant sbg1-3 
(a) Multiple sequence alignment of sbg1, sbg1-3 and related proteins from other 
filamentous fungi. Mutation in sbg1-3 was identified at N147 as indicated in the 
image, just before the TM domain (residues 150-172). 
(b) Calcofluor white (CW) images of the medial plane of fixed cells from the indicated 
strains after 6 hr at 36°C. Insets from other fields to show paired and dead cells. 
Coloured asterisks mark different phenotypes. 
(c) Quantification for experiment described in (b). (n=3, ≥508 cells). 
(d) Cell wall fractionation values of the indicated strains at 36°C after 4.5 hr and 24 hr. 
Numbers in parentheses indicate percentages of each component in total cell wall. 
Performed in collaboration with Juan Carlos Ribas’s lab. 
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4.13 Multi-copy expression of bgs1 also rescues sbg1-3 
We had identified that high dosage of Sbg1p resulted in rescue of cps1-191. We 
questioned if high dosage of Bgs1p could rescue sbg1-3 mutant. As such, sbg1-3 
mutant cells bearing pEmpty, pSbg1 or pBgs1 were analysed for their septum defects 
compared to wild type cells with pEmpty. Cells were grown overnight in selection 
minimal medium, and then shifted to rich medium for 6 hr at 36°C (Figure 11a). We 
observed that wild type cells showed a proper medially placed division septum while 
sbg1-3 with pEmpty showed defects in the septum and the cells in general were a 
little rounded. Expression of pSbg1 in sbg1-3 mutant rescued the defects in septum 
and cell morphology. Interestingly, multi-copy expression of bgs1 also rescued sbg1-
3 mutant, with only a small proportion of cells displaying septum defects. Through 
this experiment we developed another level of evidence for genetic interaction 
between Bgs1p and Sbg1p. 
4.14 Double mutant sbg1-3 clp1Δ reveals possible defects in the actomyosin rings 
in sbg1-3 mutant 
Analysis of the mutant sbg1-3 displayed a weak phenotype as compared to sbg1Δ. 
The protein, Clp1p, has been shown to play an important role in the cytokinesis 
checkpoint, allowing proper cytokinesis in cells with minor cytokinetic defects. 
Deletion of Clp1p protein sensitizes weak mutant backgrounds, displaying lethality 
and multinucleate cells. To test if deletion of Clp1p would exacerbate sbg1-3 
cytokinetic phenotype, we generated a double mutant sbg1-3 clp1Δ and analysed 
septum and nuclei in these cells by Aniline Blue and DAPI staining (Figure 11b). 
Wild type cells after shift to 36°C for 6 hr were rod shaped. However, sbg1-3 clp1Δ 
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cells accumulated more paired binucleate cells, multiple septa / multiple nuclei in one 
compartment and a much larger proportion of dead cells. All these defects were not 
seen in either of the single mutants. These data suggested that the cytokinesis 
checkpoint might support viability of sbg1-3 mutant. The defects in the double mutant 
also suggested the presence of cytokinetic defects in sbg1-3 mutant.
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 Figure 11: Rescue of mutant sbg1-3 with pBgs1 
(a) Calcofluor white (CW) images of the medial plane of fixed cells from the indicated 
strains. Cells were grown overnight at 24°C in minimal media lacking leucine, 
shifted to YES for 2 hr and then shifted to 36°C for 6 hr. Coloured asterisks mark 
different phenotypes. 
(b) Quantification of experiment described in (a). (n=2, ≥507 cells). 
(c) Aniline blue and DAPI images of medial plane of cells fixed after shift 36°C for 6 
hr. Insets from another field to show tetranucleate cells. Coloured asterisks mark 
different phenotypes. 
(d) Quantification for experiment described in (c). (n=3, ≥500 cells). 
Scale bar 5μm. Error bars indicate S.D. 
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4.15 Entwined actomyosin rings deposit aberrant septa in sbg1-3 
sbg1Δ cells show unstable actomyosin rings with an inability to localize Bgs1p to the 
cell middle. The sbg1-3 mutant synthesized aberrant and displayed synthetic growth 
defects and lethality with simultaneous deletion of Clp1p. We investigated 
actomyosin ring dynamics in the mutant sbg1-3 by imaging a strain expressing GFP-
Bgs1p Rlc1p-tdTomato Pcp1p-mCherry in the sbg1-3 mutant background. Cells were 
imaged after 6 hr at 36°C with CW staining to visualize septum formation (Figure 
12a). At this time point, wild type cells presented normal actomyosin ring dynamics, 
in which they assembled from medial cortical nodes into a perfectly formed 
actomyosin ring that underwent symmetric constriction. However, in sbg1-3 cells, 
actomyosin rings (Rlc1p signal) were intertwined, and were assembled from the 
nodes into a non-uniform split / spiral ring. The actomyosin rings were not fully 
compacted into one structure but constricted as a split ring (Figure 12b; tilted-3D 
projections obtained from Imaris Bitplane software). Concomitantly, synthesis of 
division septa was defective as judged by CW staining. Since Sbg1p and Bgs1p 
physically interact, we analysed the localization of Bgs1p at the division site in the 
sbg1-3 mutant. Similar to the defective structure of Rlc1p, Bgs1p was present in two 
connected split structures corresponding to the path defined by the split actomyosin 
ring, and resulted in the aberrant septum synthesis.  
In wild type cells, Sbg1p colocalizes with Bgs1p at the vicinity of the actomyosin 
ring. We speculated if the mutant Sbg1-3p protein also localized to the aberrant ring 
and septum in sbg1-3 cells. The mutant protein was tagged with GFP at the N-
terminal and co-expressed with Rlc1p-tdTomato and Pcp1p-mCherry. We observed 
the mutant protein Sbg1-3p localized to the defective twisted rings, which the 3D 
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projections showed as a split disc structure (Figure 13b). Thus, the mutant sbg1-3 
synthesizes an aberrant septum led by defective twisted actomyosin rings. Our results 
suggest a direct role of Sbg1p in maintaining the integrity of the actomyosin ring and 
ensuring proper septum synthesis during cytokinesis. 
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Figure 12: sbg1-3 presents entwined actomyosin ring and aberrant localization of 
Bgs1p  
(a) Time-lapse imaging of the indicated strain after 6 hr at 36°C. The montage is produced 
by maximum Z projection of spinning disk confocal images. Green, GFP-Bgs1p. Red, 
Rlc1p-tdTomato Pcp1p-mCherry. Calcofluor White (CW) images were acquired as 
single medial plane images and are inverted for fluorescence. 0min indicates time of 
spindle body duplication. Defects observed in 29.1%±7.9% cells (n=3, at least 45 
cells). 
(b) 3D projection and 3D projection tilt images obtained with Imaris for images in (a). 
Green: GFP-Bgs1p, Red: Rlc1p-tdTomato, Pcp1p-mCherry. 0min indicates time of 
spindle body duplication. 
Scale bar 5μm. 
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Figure 13: Mutant protein Sbg1-3p localizes to aberrant septum structures  
(a) Time-lapse imaging of the indicated strain after 6 hr at 36°C. The montage is 
produced by maximum Z projection of spinning disk confocal images. Green, GFP-
Sbg1-3p. Red, Rlc1p-tdTomato Pcp1p-mCherry. Calcofluor White (CW) images 
were acquired as single medial plane images and are inverted for fluorescence. 0min 
indicates time of spindle body duplication. Defects observed in 37.4%±6.7% cells 
(n=2, at least 20 cells). 
(b) 3D projection and 3D projection tilt images obtained with Imaris for Figure 7c. 
Green: GFP-Sbg1-3p, Red: Rlc1p-tdTomato, Pcp1p-mCherry. 0min indicates time of 
spindle body duplication. 
Scale bar 5μm. 
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4.16 Sbg1p genetically interacts with other proteins involved in maintaining ring 
stability and integrity 
Since the actomyosin ring stability was affected in the sbg1-3 mutant, we tested the 
epistasis of sbg1 with other genes involved in ring integrity and stability maintenance, 
which include cdc15, imp2, rga7, pxl1 and bgs1. Cdc15p and Imp2p, act as direct 
scaffolds for the actomyosin ring proteins via their SH3 domains (Demeter and Sazer 
1998; Fankhauser et al. 1995; Alaina H. Willet et al. 2015). Cells lacking the SH3 
domains of both the proteins are lethal and display fragmented rings. The SH3 
domain proteins recruit, and incorporate proteins into the actomyosin ring by direct 
physical interaction with them. Further, absence of the LIM-domain protein, Pxl1p, 
also affects the stability of the ring (Cortés et al. 2015; Ge and Balasubramanian 
2008). Actomyosin rings are unable to completely coalesce together, and occasionally 
split into two rings upon initiation of ring constriction. A proportion of cells also 
display the ring sliding off the middle of the cell and ultimately resulting in off-centre 
septa in a high proportion of cells. A recent study has also shown the cooperation 
between Pxl1p and Bgs1p to ensure actomyosin ring stability and proper septum 
synthesis (Cortés et al. 2015). Absence of the F-BAR protein, Rga7p, presents a mild 
defect with improper disassembly of the actomyosin ring resulting in an aberrant 
septa with fragments of rings present in them (Arasada and Pollard 2015; Martín-
García et al. 2014). Interestingly, direct physical interactions have been detected 
within these proteins, where Pxl1p interacts with Rlc1p at the ring, Cdc15p and 
Rga7p (Martín-García et al. 2014; Pinar et al. 2008). Rga7p also interacts with Imp2p.  
To test for genetic interaction of sbg1 with these genes, meiotic progenies of sbg1-3 
with cps1-191, pxl1Δ, rga7Δ, imp2Δ and cdc15-140 were analysed. We observed 
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sbg1-3 cps1-191 cells have severe synthetic growth defects at 24°C itself (Figure 
14a), supporting that both the proteins collaborate to ensure efficient septum 
synthesis. Synthetic growth defects were also observed in the double mutant sbg1-3 
imp2Δ (Figure 14b and 14c). To our surprise, both sbg1-3 pxl1Δ and sbg1-3 rga7Δ 
double mutants were synthetic lethal at the permissive temperature (Figure 14d and 
14e). The double mutant sbg1-3 cdc15-140 cells mimicked cdc15-140 phenotype 
(multinucleate with no division septum) at 36°C (Figure 14f). Thus it was possible 
that Cdc15p acted in this network upstream of Sbg1p as Cdc15p also functions as a 
scaffold for recruitment of actomyosin ring components. Our genetic epistatic 
analysis revealed that Sbg1p interacted genetically with Imp2p, Rga7p, Pxl1p, Rga7p 
and Bgs1p to ensure efficient ring stability and consequently proper septum synthesis. 
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Figure 14: Genetic interaction of Sbg1p with Bgs1p, Imp2p, Pxl1p, Rga7p and Cdc15p. 
(a) Tetrad dissection analysis of a cross between sbg1-3 and cps1-191. Boxes indicate 
double mutant sbg1-3 cps1-191. 
(b) Image of plate showing very slow growth of the double mutant sbg1-3 imp2Δ as 
compared to both single mutants and wild type cells at permissive temperature of 
24°C.  
(c) Calcofluor white (CW) images of the medial plane of fixed cells from the indicated 
strains at 24°C. 
(d) Tetrad dissection analysis of a cross between sbg1-3 and pxl1Δ. Boxes indicate 
double mutant sbg1-3 pxl1Δ. 
(e) Tetrad dissection analysis of a cross between sbg1-3 and rga7Δ. Boxes indicate 
double mutant sbg1-3 rga7Δ. 
(f) Aniline Blue and DAPI stained images of the medial plane of fixed cells from the 
indicated strains at 36°C. 
Scale bar 5μm. 
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4.17 Interaction of Sbg1p with Rga7p and Imp2p 
Next, we used a yeast two-hybrid approach as another way to test for potential 
interactions of Sbg1p with these proteins. We used both full length Sbg1p and a 
truncated form of Sbg1p with expression of only residues 1-148, thus eliminating the 
transmembrane domain (Figure 15a). We detected strong interaction of Sbg1p with 
itself in both full length and truncated Sbg1p. Weak interaction was detected in the 
full length Sbg1p with Rga7p and Imp2p. However, in case of the truncated version 
of Sbg1p, we observed interaction of Sbg1p with all proteins tested: Rga7p, Imp2p, 
Cdc15p and Pxl1p. The interaction is the strongest with Rga7p. All these results were 
consistent with the genetic interaction results we obtained from tetrad analyses. 
However, we did not observe any interaction of Sbg1p with the C2 domain protein 
Fic1p. As the mutant sbg1-3 was defective in the actomyosin ring structure and has 
aberrant localization of a number of cytokinetic proteins, we speculated if localization 
of Rga7p was also affected in sbg1-3 cells. To this end we generated a strain sbg1-3 
Rga7p-GFP also expressing Rlc1p-tdTomato and Pcp1p-mCherry (Figure 15b). In 
wild type cells, Rga7p localizes to the cell middle as a ring initially and then 
constricts as a disc. At the restrictive temperature for sbg1-3 mutant, Rga7p followed 
the twisted actomyosin rings and resulted in synthesis of a split septum. We also 
determined the localization of Pxl1p in the mutant sbg1-3 background and observed 
the fluorescent signal to be present as two closely placed ring like structures following 
the twisted actomyosin rings (Figure 15c). Thus we conclude that in the mutant sbg1-
3 cells, the actomyosin rings are not compacted into one complete structure and other 
cytokinetic proteins Pxl1p, Bgs1p, Rga7p, follow these irregular actomyosin rings and 
result in an aberrant septum deposition. 
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Figure 15: Sbg1p interacts with Rga7p and Imp2p 
(a) Summary of the interaction of Sbg1p and truncated Sbg1TMΔp with the indicated 
proteins using the yeast two-hybrid technique. Performed by Dr Saravanan Palani and 
Ms Shruthi Vijaykumar. 
(b) Time-lapse imaging of the indicated strain after 6 hr at 36°C. The montage is produced 
by maximum Z projection of spinning disk confocal images. Green, Rga7p-GFP. Red, 
Rlc1p-tdTomato Pcp1p-mCherry. Calcofluor White (CW) images were acquired as 
single medial plane images and are inverted for fluorescence. 0min indicates time of 
spindle body duplication. 
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(c) Time-lapse imaging of the indicated strain after 6 hr at 36°C. The montage is produced 
by maximum Z projection of spinning disk confocal images. Green, Pxl1p-GFP. Red, 
Rlc1p-tdTomato Pcp1p-mCherry. Calcofluor White (CW) images were acquired as 
single medial plane images and are inverted for fluorescence. 0min indicates time of 
spindle body duplication. 
Scale bar 5μm. 
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4.18 Discussion 
Cytokinesis is a concerted event brought about by the interaction of various modules 
working together to allow for coordinated actomyosin ring constriction along with 
plasma membrane ingression and division septum deposition. In this chapter we have 
uncovered a new cytokinetic protein, Sbg1p, which from our preliminary data appears 
to serve as a link between the contractile actomyosin ring apparatus and the division 
septum synthesis machinery. In Chapter 3, we discussed the ability of overproduction 
of Sbg1p to rescue cps1-191 at 34°C, but not at 36°C. Overproduction of Sbg1p also 
resulted in efficient localization of Cps1-191p mutant protein to the cell division site. 
These two results suggested that overproduction of Sbg1p probably strengthened the 
activity of a partially functional Cps1-191p protein. Consistent with Cps1-191p’s 
improved localization to the cell center, overproduction of Sbg1p in the mutant 
background enabled improved actomyosin ring dynamics as was evident from a 
reduction in the time taken to constrict the actomyosin ring in the mutant background. 
Further characterization of Sbg1p described in this chapter unveiled Sbg1p to be an 
essential integral membrane protein that localized to the nuclear envelope / 
endoplasmic reticulum, the cell cortex and also to the division site. Sbg1p localization 
at the division site was similar to the localization of Bgs1p to the division site. Given 
the physical and genetic interaction between Sbg1p and Bgs1p, it was expected that 
the proteins were mutually dependent for their correct localization to the division site. 
Strikingly, the phenotype of sbg1Δ and bgs1Δ cells was very similar with round cells 
accumulating multiple nuclei. Another similarity between the two proteins was 
detected by analyzing the cell wall alterations observed in the mutant sbg1-3 and 
cps1-191 backgrounds. Both these temperature sensitive mutants presented similar 
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alterations with a decrease in -1,3-glucan levels and a simultaneous increase in other 
cell wall components as a compensatory mechanism. 
We propose that Sbg1p functions as a link between the contractile actomyosin ring 
and Bgs1p-dependent septum synthesis machinery (Figure 16). sbg1 mutants present 
two different defects. One, in a null mutant of sbg1, the cells assemble an actomyosin 
ring that is unable to constrict and eventually collapses. This suggests that the 
actomyosin ring stability is potentially affected. In addition, in a weak mutant of sbg1, 
sbg1-3, the ring integrity is again affected resulting in twisted and intertwined 
actomyosin rings. The second defect in sbg1 mutants is the aberrant localization of 
Bgs1p. sbg1Δ cells fail to localize Bgs1p to the division site. The assembled 
actomyosin ring is not connected to the septum synthesis machinery at all in this case. 
This further explains the disassembling phenotype of the actomyosin ring as there is 
no anchorage provided by the septum synthesis machinery. In wild type cells, once 
the ring is fully matured, it is connected to the septum synthesis machinery and 
actomyosin ring constriction and septum synthesis is coupled. 
From our results, we have noted that Sbg1p plays an important role in stable 
localization of Bgs1p at the division site. Another likely possibility is that, in sbg1-3 
cells, Bgs1p is less compactly localized to the division site. This would result in a less 
tensed actomyosin ring, that unravels to a certain degree but “connects” to the septum 
synthesis machinery at some point, resulting in split rings and split division septum 
synthesis. In wild type cells, the actomyosin ring is linked to a number of proteins that 
all promote the stability of the actomyosin ring, with Sbg1p being one of them. 
Interestingly, we have also detected interaction of Sbg1p with ring stabilizing proteins 
(as seen through genetic interactions and through yeast two hybrid). Among these 
proteins, Sbg1p is the only protein that is integral to the membrane.  Our hypothesis is 
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that sbg1-3 mutant affects actomyosin ring stability. In the sbg1-3 mutant, as the 
actomyosin ring twists, the other ring stabilizing proteins (we have only looked at 
Pxl1p and Rga7p) also localize to the twisted rings. This suggests that Sbg1p mutant 
potentially affects the whole complex that stabilizes the ring. 
Interestingly, a recent study in budding yeast unveiled the presence of Ingression 
Progression Complex (IPC) which regulates coordinated actomyosin ring constriction, 
plasma membrane ingression and simultaneous septum synthesis (Foltman et al. 
2016). In this complex are present at least five ring proteins, Myo1p (myosin II), 
Iqg1p (IQGAP protein), Hof1p (F-BAR protein), Inn1p (C2 domain protein) and 
Cyk3p which all interact with the enzyme responsible for primary septum synthesis in 
budding yeast, Chs2p. The proteins in the IPCs function towards the efficient 
localization and activation of Chs2p at the division site. Perturbation in the function 
of any of the proteins in IPC affected the function of Chs2p and consequently primary 
septum synthesis. Though the biochemical composition of primary septum (composed 
of chitin) differs in budding yeast from fission yeast, orthologues of all the proteins in 
IPCs are present in fission yeast too. Whether such a complex exists in fission yeast 
and the identities of its core components are yet to be determined.  
In summary, we uncovered codependency between Sbg1p and Bgs1p for their correct 
localization to the division site. We also uncovered interaction of Sbg1p with a 
number of actomyosin ring proteins, through which Sbg1p may function as a crucial 
link between the actomyosin ring and the septum synthesis machinery. It remains to 
be determined which of the proteins studied in the yeast two-hybrid, associate 
physically with Sbg1p. 
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Figure 16: Sbg1p functions as a critical link between contractile ring apparatus and the 
septum synthesis machinery 
Illustration depicting interaction of Sbg1p with components of the actomyosin ring and 
Bgs1p-dependent septum synthesis machinery. Disruption in function of Sbg1p in the 
mutant sbg1-3 results in intertwined and twisted actomyosin rings which guide aberrant 
or altered septum synthesis. 
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Chapter 5 Characterization of Smi1p 
5.1 Introduction  
The multi-copy suppressor screen for the temperature sensitive mutant cps1-191 led 
us to identify two novel genes – sbg1 and smi1. This chapter discusses a brief 
characterization of Smi1p, a conserved protein among fungi and a predicted regulator 
of cell wall biosynthesis. In budding yeast ScSmi1p, also called ScKnr4p, was 
identified in a screen for resistance to Hansenula mrakii killer toxin K9, and was also 
isolated as a suppressor for cell wall mutants (Hong et al. 1994; Martin et al. 1999). 
ScKnr4p is phosphorylated at multiple sites and the phosphorylation is essential for 
Knr4p’s ability to suppress cell wall defects (Basmaji et al. 2006; Ficarro et al. 2002). 
Overexpression of Knr4p represses transcription of three chitin synthase genes and 
results in reduced chitin levels in the cell wall (Martin et al. 1999). Though ScKnr4p 
is a non-essential gene, the knr4Δ mutant displays an abnormal bud neck phenotype 
(Ohtani et al. 2004; Ohya et al. 2005). Further, the ScKnr4p null mutant in 
combination with other morphogenesis and cell wall biogenesis mutants results in 
synthetic lethality (Costanzo et al. 2010; Lesage et al. 2005).  
ScKnr4p is an intrinsically disordered protein, a trait that possibly allows for its 
interactions with numerous proteins (Basmaji et al. 2006; Durand et al. 2008; Martin-
Yken, François, and Zerbib 2016). ScKnr4p has a very high number of known 
interacting partners – comprising known physical interaction with 38 different 
proteins and known genetic interactions with 275 proteins. The identified interacting 
proteins are mostly involved in pathways related to morphogenesis and stress 
response in budding yeast. Knr4p has also been implicated in the morphogenesis 
checkpoint and in coordination of cell growth with cytokinesis (Martin-Yken et al. 
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2016). Further, it has been established that ScKnr4p functions at the junction between 
two major signalling pathways involved in maintaining cell wall integrity under stress 
conditions in S. cerevisiae – the cell wall integrity pathway (CWI) and the calcium-
calcineurin pathway (Dagkessamanskaia, Durand, et al. 2010; Martin-Yken et al. 
2003). ScKnr4p localized to the bud site as foci, both presumptive and upon 
emergence (Martin et al. 1999). These foci then relocalize to the division site at the 
mother-daughter bud neck. In addition, Knr4p also localizes to the mating projection 
site and is important for the polarized growth that is observed at the mating projection 
(Dagkessamanskaia, Azzouzi, et al. 2010). 
Candida albicans expresses two orthologs of Knr4 – CaSmi1p and CaSmi1Bp. 
Studies on homozygous deletion for CaSmi1p reveal defects in β-glucan synthesis 
and in the production and formation of biofilm (Nett et al. 2011). The Neurospora 
crassa homolog, GS-1 (glucan synthase 1) is also involved in β-glucan biogenesis in 
the cell wall (Enderlin and Selitrennikoff 1994). Mutations in GS-1 result in branched 
cells sensitive to the β-1,3-glucan synthesis inhibitor, caspofungin. NcGS-1 localizes 
at the growing hyphal tip at the Spitzenkörper outer layer (Verdin, Bartnicki-Garcia, 
and Riquelme 2009). 
 
In this section we describe the localization of Smi1p in S. pombe and also describe its 
association with Bgs1p. 
5.2 Smi1p is a conserved fungal protein  
Smi1p (SPBC30D10.17c) belongs to the Knr4 family of proteins. BLAST searches 
display conserved KNR4 domains in the Schizosaccharomyces pombe Smi1p protein. 
A multiple sequence alignment of some fungal Knr4 proteins with S. pombe Smi1p is 
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shown in Figure 17. We chose to compare SpSmi1p to Knr4 proteins from 
Saccharomyces cerevisiae, Neurospora crassa and Candida albicans. The multiple 
sequence alignment shows that there are a large number of conserved residues in the 
central part of the protein among Smi1p proteins from these different fungi. The 
central part of the budding yeast Smi1p has been predicted to be essential in 
interaction with other proteins (Martin-Yken et al. 2016). As this region shows a high 
number of conserved residues, it is possible (via extrapolation) that SpSmi1p also 
interacts with other proteins at this region. 
5.3 smi1 is essential for cell viability 
Similar to Sbg1p, the S. pombe database suggests that Smi1p is an essential gene. To 
ascertain this, we obtained heterozygous diploids with one wild type copy of smi1 and 
the other copy deleted for G418 resistance gene. On tetrad dissection analysis, we 
observed a 2:2 growth pattern (Figure 18a). All the viable colonies were confirmed to 
be wild type cells. Thus we conclude that smi1 is essential for cell viability. When the 
diploid was induced to enter meiosis and sporulation, only spores were observed after 
30 hours of release into rich media, which is conducive for spore germination. Thus, 
Smi1p is essential for spore germination. Temperature-sensitive alleles will be 
necessary to investigate the role of Smi1p in the vegetative cell cycle. 
5.4 Smi1p localizes to punctate structures 
To understand the role played by Smi1p in cytokinesis, we generated a strain in which 
Smi1p was tagged with GFP at the C-terminus. We observed Smi1p-GFP to localize 
to punctate structures throughout the cell (Figure 18b). We analysed the localization 
of Smi1p through the cell cycle by using mCherry-Atb2p (tubulin) as a cell cycle 
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marker. We observed Smi1p punctae were enriched at the cell ends with some 
structures also present in the cytoplasm. In cells with a long microtubule spindle, we 
observed that Smi1p punctae were largely concentrated at the division site. The role 
of Smi1p at the division site is unknown, however is consistent with ScSmi1p 
localization at the bud neck at cytokinesis. It is possible that Smi1p associates with 
other cytokinetic proteins or cell wall remodelling proteins during cytokinesis.  
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Figure 17: Alignment of Smi1p with other fungal Knr4 proteins 
Protein sequences Schizosaccharomyces pombe Smi1p (SpSmi1), Saccharomyces 
cerevisiae Smi1p (ScSmi1), Candida albicans Smi1p (CaSmi1), Candida albicans 
Smi1bp (CaSmi1b) and Neurospora crassa GS-1p (NcGS-1). Alignment was generated 
using Clustal Omega. The coloured residues represent the physicochemical property of 
each residue as following – 
Red indicates small hydrophobic residue, Blue indicates acidic residue, Magenta 
indicates a basic residue, Green indicates a residue with hydroxyl / amine / sulfhydryl 
groups and grey represents unusual residues. 
The symbols below the alignment represent the following -  
*(asterisk) designates a position with a single, fully conserved residue.  
:(colon) designates conservation between groups of strongly similar properties   
.(period) designates conservation between groups of weakly similar properties  
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 Figure 18: Characterization of smi1 
(a) Tetrad dissection analysis of diploid smi1Δ/smi1+ showing 2:2 growth on YES plates. 
Panels on the right show phenotype of smi1Δ, 30hr from inoculation of spores.  
(b) Time-lapse imaging of the indicated strain. The montage was produced by maximum 
Z projection of spinning disk confocal images. Green, Smi1p-GFP. Red, mCherry-
Atb2p. 0min marks early mitosis as judged by a short microtubule spindle. 
Scale bar 5μm. 
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5.5 Bgs1p and Smi1p localization is associated  
As smi1 was identified as a genetic suppressor for cps1-191 mutant and Smi1p 
physically interacted with Bgs1p, we considered that the two proteins may localize at 
the same cellular compartments to function cooperatively. It was evident from 
localization of Smi1p in wild type cells that Smi1p enriched both at the poles and at 
the division site. Such a localization pattern has also been described for Bgs1p (Cortés 
et al. 2002). As such, we imaged a strain coexpressing Smi1p-GFP and tdTom-Bgs1p. 
As shown in Figure 19a, Smi1p and Bgs1p localized to the cell ends and to the 
division site at similar time points over the cell cycle. We also made quick acquisition 
movies (time interval 2 sec) using a strain expressing GFP-Bgs1p and Smi1p-
mCherry. We observed Bgs1p colocalizes with some of the Smi1p punctate structures 
(Figure 19b). Interestingly these structures also were mobile together over the short 
duration of time they were tracked.  
5.6 Diffused localization of Smi1p at the division site in mutant cps1-191 cells 
Given that Bgs1p localizes to the same aggregates as Smi1p, we speculated if the 
enrichment of Smi1p to the division site was dependent on functional Bgs1p. To this 
end, we imaged cps1-191 Smi1p-GFP at the restrictive temperature of 36°C after shift 
up for 2 hr (Figure 20a and 20b). We compared the fluorescence intensity of Smi1p 
along the cell length after spindle disassembly in wild type and mutant cps1-191 cells 
imaged at 36°C. In wild type cells, there was a sharp peak of fluorescence intensity 
corresponding to highly concentrated Smi1p punctate at the division site. However, in 
the mutant cps1-191 background, though Smi1p punctae were enriched at the cell 
middle, the fluorescence intensity peak was more spread out as compared to that in 
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wild type cells. It is possible that the correct localization of Smi1p at the division site 
requires a stable actomyosin ring or functional Bgs1p at the division site.  
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Figure 19: Localization of Smi1p and Bgs1p is associated  
(a) Time-lapse imaging of the indicated strain. The montage was produced by maximum 
Z projection of spinning disk confocal images. Green, GFP-Smi1p. Red, tdTom-
Bgs1p. Scale bar 5µm. 
(b) Fast acquisition images (2s interval) of the indicated strain. Panels on the right show 
Smi1p and Bgs1p punctate localizing together as they move. Green, GFP-Bgs1p. 
Red, Smi1p-mCherry. Scale bar 5µm for left panel and 1µm for right panel. 
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Figure 20: Smi1p requires functional Bgs1p for the correct localization at the division 
site 
(a) Time-lapse imaging of the indicated strain at 36°C after 2 hr shift up. The montage 
was produced by maximum Z projection of spinning disk confocal images. Green, 
Smi1p-GFP. Red, mCherry-Atb2p. 0min marks early mitosis as judged by a short 
microtubule spindle. 
(b) Graph compares the normalized fluorescence intensity of Smi1p along the normalized 
cell length at t=18min in the montages shown in (a). Blue plot corresponds to wild 
type Smi1p-GFP fluorescence at 36°C, while red plot corresponds to cps1-191 
Smi1p-GFP fluorescence. 
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5.7 Discussion 
In this chapter we have discussed a brief characterization of a novel essential gene, 
smi1. The gene was identified as a genetic suppressor for a temperature-sensitive 
mutant (cps1-191) defective in septum synthesis. Fluorescence microscopy analysis 
of Smi1p-GFP cells showed Smi1p localizes as punctate structures that were enriched 
at the cell ends during interphase. As the cells entered mitosis, Smi1p punctate 
predominantly concentrated at the division site.  
We found a strong colocalization in interphase between Smi1p and Bgs1p. We 
observed disruption in normal Smi1p localization to the division site in mutant cps1-
191 cells. At late mitosis, wild type cells displayed a sharp peak of fluorescence 
intensity at the cell centre, corresponding to Smi1p enrichment. However, in cps1-191 
mutant background, Smi1p localization to the division site was more broadly spread 
out at the same cell cycle stage. This suggested that functional Bgs1p is required for 
the correct localization of Smi1p and that indeed both the proteins are associated 
together.  
It would be interesting to uncover the functional relationship between Smi1p and 
Bgs1p in more detail. Given the colocalization of Bgs1p and Smi1p and the physical 
interaction between the two, it prompts us to speculate if Smi1p and Bgs1p are 
transported together to the cell division site together or if Smi1p contributes to the 
transport of Bgs1p to the cell division site. Identifying interacting partners of Smi1p 
through a pull down and mass spectrometry analysis would provide further 
information about the interactome of Smi1p and would also assist in understanding 
how Smi1p contributes to cytokinesis. 
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Chapter 6 Conclusions and Future Directions 
 
The main focus of this thesis was to understand division septum synthesis and its 
coupling to actomyosin ring constriction during cytokinesis in fission yeast. The 
success of cytokinesis is essential for the viability of cells and for the production of 
viable daughter cells. S. pombe cells, like other fungi, face the additional challenge of 
maintaining the continuity of the division septum with the cell wall especially when 
the primary septum component is dissolved to free the two daughter cells. Through 
the work presented in this thesis we add to the existing knowledge of cytokinesis in S. 
pombe. 
I started with an aim of identifying potential proteins that could play a role in division 
septum synthesis in S. pombe. Using a plasmid based screen we identified Smi1p and 
Sbg1p that could support growth in a temperature sensitive mutant of Bgs1p (a glucan 
synthase protein that synthesizes the primary septum). Through our analyses we were 
able to identify suppression of defects at various levels in the mutant background, 
including but not limited to improved cell morphology, improved cell wall 
composition and ultrastructure. It would be interesting to determine changes in the 
cell wall content by mass spectrometry which could allow us to differentiate between 
linear β-1,3-glucan at the septum from the branched β-1,3-glucan present in the cell 
wall. Another way to determine the presence of linear β-1,3-glucan at the septum in 
the rescued cells would be through Immuno Electron Microscopy, for which several 
attempts were made. Also, we observed physical interaction of each of the suppressor 
proteins, Smi1p and Sbg1p, with Bgs1p. However, whether these three proteins 
function together in one complex is yet to be determined.  
We also determined that the mutant Cps1-191p protein was incapable of localization 
to the division site on its own but the overproduction of suppressor proteins, Smi1p or 
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Sbg1p, enabled localization of the mutant Cps1-191p protein to the division site. 
However, we presently do not know the exact mechanism which allows for the 
corrected localization of Cps1-191p to the division site. It would be important to 
determine other proteins that each of the proteins, Smi1p and Sbg1p interact with. It is 
possible that the suppressor proteins themselves enable better transport of the mutant 
protein to the division site. Another possibility is that in the presence of excess 
amount of suppressor proteins they are able to complex better with the mutant protein 
and this in turn enables better transport to the division site. A third possibility is that 
the mutant protein does arrive at the division site of its own accord but upon 
overproduction of Smi1p or Sbg1p, these proteins are able to retain the mutant protein 
at the division site.  
In the next two chapters that followed, I attempted to determine the role that Smi1p 
and Sbg1p play in cytokinesis in a wild type context. Our characterization of Sbg1p 
suggests that the protein could function as a potential link between the actomyosin 
ring and the Bgs1p-dependent septum synthesis machinery. We have presented here 
preliminary data supporting the interaction of Sbg1p with several ring proteins. Co-
immunoprecipitation experiments or in vitro binding assays could provide 
information whether Sbg1p directly interacts with any of the proteins tested in the 
yeast two-hybrid assay. As full length Sbg1p shows interaction with Rga7p and 
Imp2p in this assay, these two proteins would be the starting point for further 
analyses. Interestingly, Rga7p arrives at the cell division site much later than Imp2p 
and thus could potentially have a bigger role in collaborating with Sbg1p and in 
linking the actomyosin ring with the septum synthesis machinery. Interestingly, like 
the double mutant sbg1-3 rga7Δ, the double mutant cps1-191 rga7Δ is also synthetic 
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lethal. It would be interesting to see if the three proteins, Rga7p, Sbg1p and Bgs1p all 
function as part of the same complex. 
Characterization of Smi1p has provided preliminary insight into the function of this 
protein. As Smi1p is an essential protein, it would be important to generate a 
conditional mutant. The defects presented in such a mutant would provide further 
knowledge about Smi1p’s function. With such a mutant, it would also be possible to 
study interactions of Smi1p with other proteins, by the way of crossing with other 
known mutants or by the way of genetic screens (e.g. multi-copy suppressor screen 
for a very sick mutant of Smi1p). Another approach to identify interacting partners 
would be through pull down and mass spectrometry analysis. As Smi1p is a 
conserved fungal protein, understanding its function would be of interest to the 
scientific community. 
In all, we have uncovered two new genes involved in S. pombe cytokinesis and 
attempted to understand their roles. Further analyses, by using various approaches – 
cell biology, biochemistry, molecular biology and genetics will further our 
understanding of the complex process of cytokinesis. 
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Appendix A 
 
Multiple sequence alignment between predicted β-glucan synthesis associated proteins from 
S. pombe, S. japonicus and S. octosporus, generated using Clustal Omega. 
 
